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considerable pressure, while inflammation limits or limits of inflammability 
are regarded as those limiting mixtures within which flame will propagate 
through the mixture indefinitely, irrespective of whether or not pressure 
is developed. 

It is impossible to distinguish an inflammation from an explosion 
by the amount of violence produced. Mixtures just within the limits of 
inflammability, if confined in a long tube and tested by opening one end 
and igniting at this open end, will propagate flame quietly and slowly 
through the tube (usually at a uniform speed) dnd the speed, for a given 
concentration of combustibles in air, will vary with the direction of flame 
propagation. This same mixture, if confined in a closed bomb of sufiScient 
size and ignited when the gases are in motion or gentle turbulence, will 
propagate flame at a speed many times as fast as that in the o))en lube and 
develop pressures ranging up to 30 lb. or more per st]uare inch Thus 
the violence and pressure developed by an inflammable mixture depend 
upon the environment and direction v)f flame propagation; therefore no 
differentiation should, or can, be made between explosive limits and limits 
of inflammability. 

1. Factors affecting the limits of inflammability 

Only a brief discussion of the various factors affecting the limits of 
inflammability will be given. A more complete discussion is given in 
published reports (5, 6, 8). The limits are affected by the direction of 
flame propagation, the design, diameter, and length of the test apparatus, 
the temperature and pressure of the mixture at the time of ignition, the 
percentage of water vapor present, and indirectly by the source of ignition. 

Wider limits are obtained for upward propagation of flame than for 
horizontal or downward propagation, therefore the risk of an explosion 
is greater when the mixtures are ignited from below than when ignited 
from above. 

The limits of inflammability are widened as the diameter of the appa- 
ratus is increased, rapidly at first and then more slowly as the diameter 
approaches 2 in. Apparatus greater than 2 in. in diameter gives limit 
values very little different from those obtained with 2-in. apparatus. 

The apparatus must be long enough to insure continued propagation of 
flame after the heat imparted to the mixture by the source of ignition has 
been dissipated. An apparatus 3 ft. or more in length is suflftcient. 

It has been found that, if the apparatus is closed when the mixtures are 
ignited and ignition is initiated near the closed end when the gases are 
in gentle turbulence, the lower limit is reduced shghtly (15). 

Ordinary variations of laboratory temperatures have no appreciable 
effect on the limits of inflammability. Elevated temperatures cause 
widening of the limits. 
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Normal variations of atmospheric pressure have no appreciable effect 
on the limits. The effect of high pressures on the limits is neither simple 
nor uniform, but is specific for each inflammable mixture. As yet, no 
means has been developed for predicting the effect of high pressures on the 
limits of inflammability for any given combustible in air. In certain cases 
both limits are raised, in others the limits are narrowed, and in some both 
limits are changed as the pressure is increased. 

The normal quantity of water vapor present in atmospheres at labora- 
tory temperatures affects the lower limit of inflammability only to a slight 
extent. The presence of water vapor reduces the upper limit because 
some of the oxygen in the mixture is displaced by the water vapor, and, 
since the oxygen concentration is the important factor in an upper-limits 
mixture, as the oxygen is lowered the amount of combustible that can be 
burned is decreased, and so the limit is lowered. 

2. Limits of inflarmnahiliiy of gases and vajyors 

Industrial safety r(’quiros that only values for the limits of inflam- 
mability of gases and vapors in air, w^hich are obtained in apparatus giving 
the widest limits, be used. Keeping the above fact in mind, tabulations 
of the limits of inflammability of combustible gases and vapors have been 
made and are given in tables 1, 2, and 3. Values reported in the literature 
that were obtained in small apparatus and those in wdiich the direction of 
flame propagation was other than upward have not been used, except where 
no other reported values were available In some cases values reported 
by several investigators were found to be in good agreement; however, 
only one reference has been given. 

The ratios betw^een the amount of combustible in the limit mixtures and 
the amount of combustible required for theoretical complete combustion 
with air and the relationship between the amounts of (combustible in the 
limit mixtures and their net heats of combustion are given. 

Burgess and Wheeler (3) first showed that there was a definite relation- 
ship between the calorific value of the combustible and its lower limit of 
inflammability ; that is, the calorific values of the pure paraffin hydrocar- 
bons times their lower limits of inflammability were a constant and that 
a lower-limit mixture of any of the paraffin hydrocarbons with air on 
combustion liberates the same amount of heat. Most of the ^‘hot wire’’ 
combustible-gas indicators operate on this principle. 

Some time later Thornton (34) announced that the upper limit bears a 
direct relation to the amount of oxygen needed for perfect combustion 
(theoretical complete combustion). He stated that in the case of paraf- 
fins the upper limit contained twice as great a volume of gas as the mixture 
for perfect combustion, acetylene and carbon disulfide three times the 
volume, hydrogen four times, and carbon monoxide six times the volume. 
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Limits of inflammability of alcohols, aldehydes, ethers, ketones, acids, and esters in air 
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Limits of inflammability of miscellaneous combustible gases and vapors in air 
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LoWei'-limit mixtures which just failed to propagate flame contained twice 
the volume of oxygen needed for perfect combustion in the case of the 
paraffins, and thrice the volume in the case of the other gases. The 
values given in tabkvs 1, 2, and 3 show that some of the predictions given 
by Thornton are approximately correct, while in other cases there are 
extremely wide variations, and that the classification is not nearly so 
simple as Thornton predicted. 

The relationship between the calorific value of the combustibles, the 
oxygen required for perfect combustion, and the limits of inflammability 

TABLE 4 

Limits ofinflammahiLity of selected gases and vapors in air showing variation of ratios 
between the percentage of combustibles in the limit mixtures and that required for 
theoreiical complete combustion and the relationship between the limits and net heats of 
combustion 
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the. « net heat of combustion. 


was investigated and extended by White (37) to cover a number of solvent 
vapors. He found that for all solvents examined, except one, the lower 
limit for downward propagation of flame was approximately inversely 
proportional to the net calorific value of the vapor used. The corre- 
sponding upper limit roughly followed a similar rule, it being about 3.5 
times the lower limit. He also found that the amount of oxygen available 
for the combustion of a vapor in its limit mixture bore a fairly constant 
ratio to the amount required for the perfect combustion of 1 mole of the 
vapor. Thus the amount of solvent in a lower-limit mixture for down- 
ward propagation of flame was 0.57 of that present in the mixture for per- 
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feet combustion, while the ratio for the upper-limit mixture was just 
under 2. 

The results given in table 4 show that no general relationship of the 
limits of combustible gases and vapors either to the amount of oxygen 
required for theoretical complete combustion or to the calorific value of 
the gases or vapors exists, nor do they give even approximately correct 
results if used indiscriminately. 

On the other hand, if the combustibles are classified according to types 
of compounds the relationship between the limits and the oxygen required 
for theoretical complete combustion is of value in predicting the limits of 
inflammability of new compounds, the limits of which have not already 
been determined, as will be shown later. 


S. Calculation of limits of inflammability of mixtures of combustibles 

The calculation of the limits of inflammability of combustible mixtures 
from a knowledge of the limits of each combustible in air and the per- 
centages of each combustible present in the mixture can be done quite accu- 
rately for a great number of mixtures by the application of the so-called 
^ ^mixture law.’’ 

Le Chatelier (28) first applied the law to the limits of inflammability 
of gases. The law states that if we have, say, separate limit combustible- 
air mixtures and mix them, then this mixture will also be a limit mixture. 
The equation for expressing tliis law in its simplest form is written as 
follows : 


L = 


100 


Ni^ Nt 


where Pi, P2, P3, and Pa are the proportions of each combustible gas 
present in the original mixture, free from air and inerts, so that Pi -f P2 -f 
Pj + P4 = 100, and iVi, iV2, iVa, and Na are the lower limits of inflam- 
mability of each combustible in air. 

As an example of the application of this law we may take a natural gas 
of the following composition: 


HYDROCARBON PRESENT 

PER CENT BY | 

VOLUME 

LOWER LIMIT 

Methane 

80.0 

6.00 

Ethane 

16 0 

3 22 

Propane 

4 0 

2.37 

Butane 

1.0 

1 86 


Lowe^ limit 


100 

80.0" 15.0 4.0 1.0 

5.00 3.22 2,37 1.86 


= 4.37 
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This law has been tested by Coward, Carpenter, and Payman (6) and 
proved to hold for hydrogen, carbon monoxide, and methane containing no 
inert gases in normal air. Subsequent tests made with paraffin hydro- 
carbons in air (8) showed that the law could also be applied to these 
mixtures Exceptions have been found in tests made with some inflam- 
mable gases. White (37) found that the law does not hold strictly for 
hydrogen-ethylene-air mixtures, acetylene-hydrogen-air mixtures, hydro- 
gen sulfide-methane-air mixtures, and mixtures containing carbon di- 
sulfide. Also, in tests on some chlorinated hydrocarbons. Coward and 
Jones (7) found that the law did not hold for methane-dichloroethylene- 
air mixtures, and more recently it was found (12) that the law was only 
approximately correct for mixtures of methyl and ethyl chlorides. It is 
therefore apparent that the mixture law, useful when its application has 
been proved, cannot be applied indiscriminately, but must first be proved 
to hold for the gases being investigated. 

Many industrial processes require the use of mixtures of various solvents 
in their processes, and although the limits of inflammability of the various 
individual constituents in the mixture may be known, it is not at all certain 
what the inflammability limits will be for the various mixtures. Investiga- 
tions of the lower limits of inflammability of solvent mixtures have shown 
that where the ratios of the lower limits of the individual constituents to 
the amount of oxygen required for theoretical perfect combustion are 
about the same, the limits of mixtures of the constituents may be de- 
termined accurately by calculation. For example, the limits of mixtures of 
ethyl alcohol, benzene, furfural, and acetone in which the ratios range from 
0.50 to 0.53 (tables 1, 2, and 3) may be calculated, and mixtures of ethyl 
acetate, ethyl alcohol, and toluene, whose ratios vary from 0.50 to 0.56, have 
been found also to give calculated results agreeing closely with experi- 
mental results (13). 

At the present time, the accuracy of the above prediction has been 
proved only for a limited number of mixtures; however, as information on 
the subject is accumulated, the classification of compounds according to 
the ratios should be of great value in predicting and calculating the limits 
of inflammability of mixtures of combustible gases and vapors. 

As an example to show the application of this method for predicting 
the limits of inflammability of combustibles whose limits have not been 
determined, propyl chloride may be used. The ratio of the lower limit 
of certain gases to that for theoretical complete combustion is as follows: 


methane . . . .0.52 methyl chloride 0.67 

ethane 0.57 ethyl chloride 0.61 


propane 0.59 propyl chloride . . not known 
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The addition of one chlorine atom to methane has raised the ratio 
0.15, while the addition of one chlorine atom to ethane has raised the ratio 
only 0.04. One chlorine atom added to propane should raise the ratio 
even less, say 0.02, thus giving a ratio of 0.61 for propyl chloride. 

When propyl chloride is burned with the theoretical amount of oxygen 
to give complete combustion, the following reaction takes place: 

C3H7CI + 4.5O2 3CO2 + HCl + 3H2O 

or with air 

C3H7CI + 21.5 air IlCOj + HCl + SHjO + 17.0N2 

The percentage of propyl chloride in a mixture with air to give theoretical 

complete combustion = = 4.44 per cent. Using the ratio 0 61 

for propyl chloride given above, the predicted lower limit of inflamma- 
bility = 4.44 X 0.61 = 2.71 per cent. 

Liviits of inflammability of complex mixtures 

It is possible to calculate closely the limits of inflammability not only 
of certain mixtures of combustible gases and vapors in air but also of 
mixtures containing varying amounts of inert gases. The limits of inflam- 
mability of natural, manufactured, producer, blast furnace, automobile, 
and sewage gases may bo calculated from a knowledge of the composition 
of constituents composing the gases and their limits of inflammability. 
The actual procedure is rather long and complicated, so only a reference 
to this method will be given in this report (6, 11, 20, 40). 

PRACTICAL MEANS OF ELIMINATING OR MINIMIZING EXPLOSIONS IN 
INDUSTRIAL OPERATIONS 

1 Control of the oxygen cofitent of the atmosphere 

The fact that all combustible gases, vapors, mists, and pulverized solids 
will not burn or explode when the oxygen content is reduced below certain 
definite values, varying with the (combustible materials under considera- 
tion, gives the safety engineer a means of definitely controlling and elimi- 
nating explosions. 

The oxygen present in an explosive mixture may be reduced by direct 
absorption by means of special reagents, by dilution with inert gases such 
as nitrogen or carbon dioxide, or by combinations of these inert gases as 
represented by flue gas or exhaust gas from an internal-combustion engine. 
Flue gases made by burning fuel gas or fuel oil with the proper proportions 
of air and automobile exhaust gas both have a low oxygen content and 
are ideally suited for reducing the oxygen content of atmospheres. Carbon 
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dioxide compressed in cylinders, carbon tetrachloride, and dichlorodifluoro- 
methane have been used also for this purpose. 

The critical oxygen values below which flames will not propagate or 
explosions take place when the reduction of the oxygen content of the 
atmosphere is brought al >out by the addition of nitrogen and carbon dioxide 
for several hydrocarbons are shown graphically in figure 1. The critical 
oxygen value for any gi\Tn combustible varies with the concentration of 
the combustible present; however, the values given in figure 1 are mini- 
mum ones and cover all concentrations of the combustible that might be 
present. The relationship between concentration of combustible and the 
critical oxygen requirements to prevent explosions is shown to better 
advantage in figure 2. This graph shows the explosive areas of all pos- 
sible mixtures of pentane, air, and added nitrogen or carbon dioxide. 
The straight line AD n^prcsents the composition of mixtures of pentane 
and pure air containing up to 15 per cent pentane. The limits as shown 
on this line are seen to be 1.4 per cent for the lower and 7.8 per cent for 
the upper limit All mixtures between these limits are explosive. As 
nitrogen or carbon dioxide is added the oxygen concentration is lowered 
and, as shown, the limits are narrowed. Finally when the oxygen content 
is reduced to 11.7 per cent all mixtures of pentane, air, and added nitrogen 
become non-explosive. The mixture which will propagate flame with a 
minimum concentration of oxygen contains 2.10 per cent of pentane. If 
the atmosphere contains 5.00 per cent of pentane the graph shows that 
the oxygen concentration needs to be reduced to only 15.6 per cent. 
Although this mixture having 5.00 per cent of pentane will not explode 
when the oxygen content is below 15.6 per cent, the graph shows that if 
air is added to the mixture it becomes explosive, since addition of air 
shifts the composition of the mixture along the line to the left and towards 
the A -axis, so that the composition passes through a range of mixtures 
which are explosive 

The usual problem in dealing with pentane-air mixtures is to control 
the atmosphere so that the composition at all times is outside the explosive 
area bounded by BCE fwhen added nitrogen is used as the diluent). A 
graph of this type enables one to determine at a glance the explosive 
hazards involved. If an analysis is made of an atmosphere and it is found 
to contain, say, 12 per cent oxygen and 8.40 per cent pentane, this mixture, 
as indicated by the point J on the graph, shows at once that the mixture 
cannot explode until air is added; however, if the equipment is to be taken 
oat of service and it is desired to do so without possibility of explosions, 
the atmosphere must be altered so as to pass around the explosive area. 
It becomes necessary to alter the composition of the atmosphere until 
it falls into the area to the left of the line AEF, and in no case should it 
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Fia 1 Per cent oxygen by volume in gas mixtures below which explosions arc 
prevented at ordinary temperatures and pressures. 
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fall into the explosive area indicated. It is not necessary to reduce the 
oxygen content to zero to pass safely from the composition given by point 
J to atmospheres of the composition given by any point to the left of 
the line AEF. Nitrogen can be added until the oxygen content is reduced to 
below 4.6 per cent, thus shifting the composition along the line JH and 
reducing the pentane content to a value of 3.3 per cent or less, until it 
passes into the area to the left of the line AEF. The composition of the 
atmosphere now is such that it cannot be made explosive, no matter how 
much air is added, because a line drawn from any point in this area to A 
will not pass through the explosive area. Air can then be added to the 
equipment and the combustibles swept out without any danger of explo- 
sions. The graph given holds only for pentane, and graphs of a similar 
type must be constructed for each hydrocarbon concerned. 

Carrying out operations so that the percentages of comhusiihles present 
are outside the limits of inflammohility 

Processes that necessitate the use of combustible gases or vapors should 
be carried out wherever possible under conditions in which the atmospheres 
are outside the limits of inflammability of the materials used. If possible, 
the concentrations should be kept below the lower limit of inflammability, 
because under these conditions if air finds its way into the mixture, there 
is no danger of explosions. If the concentration of combustibles must be 
above the lower limit of inflammability, then it is advisable to raise the 
concentration until the combustibles present are above the upper limit. 
No explosion hazards will result while the atmospheres are above the upper 
limit ; the danger arises w hen additional air finds its way into the mixture, 
and this usually occurs when the process is started up or closed down. 

If combustible liquids are used the explosion hazards may be controlled 
by regulation of the temp(irature, and in turn the vapor pressures should be 
so regulated that the atmosphere is either above or below the limits of 
inflammability. In the application of this method of control the limits 
of inflammability of the vapor in air and the vapor pressures of the mate- 
rial over the temperature range to be used must be known. The applica- 
tion of this method to a gasoline is given in figure 3. The lower limit of 
inflammability of the gasoline in air is 1.40 and the upper limit 6.90 per 
cent by volume; then at 1 atm. of pressure the gasoline must have a vapor 
pressure of 10.5 mm. of mercury to give a lower-limit and 52.5 mm. to 
give an upper-limit mixture. The two horizontal lines enclose the limits 
within which inflammable mixtures are produced, and the intersections of 
these lines with the vapor pressure curve give the range of vapor pressures 
that can produce inflammable mixtures. The corresponding temperatures 
in this particular case are 4°F. and 77°F. The graph shows that this 
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gasoline should be used at temperatures either below 4°F. or above 77®F., 
if the process is to be earned out under conditions where explosive mix- 
tures will not be present. 

If combustible liquids or mixtures of which the vapor pressures are not 
known are used in a process, the temperature range over which explosive 
mixtures may be present may be easily determined by means of the simple 
apparatus shown in figure 4. Explosion tube D is 2.5 cm. (1 in.) in diame- 
ter and 20 cm. (8 in.) long. E indicates the electrodes across which sparks 
generated from a transformer M and induction coil N are passed when a 
test of the explosibility of the atmosphere in tube D is desired. H and H' 
are mercury seals through which contact is made between the electrodes 
and the induction coil N. The explosion tube D is immersed in a liquid 

Temperature, ®C 



Fig. 3 Relationship between limits of mflemmability and vapor pressure of a 

combustible liquid 

bath, C, kept at uniform temperature by stirrer L, and heated to the 
desired temperature by burner 0. K is a thermometer for recording the 
temperature of the bath. 

To determine the temperature range over which a combustible liquid 
gives explosive mixtures, the combustible liquid is poured into D until 
the level is about 2 cm. (0.8 in.) below the electrodes, and a cork R, having 
an opening as shown, is placed in the top of explosion tube D. Air is 
turned on and adjusted to give at the start three bubbles per second, as 
indicated by bubbler A. The air is then passed through tower B contain- 
ing a drying agent, and thence through the glass coil G in the bath to 
bring the air to the temperature of the bath before it enters the com- 
bustible liquid F in explosion tube D. Air is passed through the liquid 
at the rate given for 5 minutes at a given temperature, and a test for explosi- 
bility is made by removing cork R and causing sparks to pass at the elec- 
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trodcs (E). If the combustible liquid gives an explosive mixture with air 
at the temperature tested, flame will pass up the tube and out the top. 
Tests are continued by the method of trial and error until a minimum 
temperature is obtained at which flame carries from the electrodes upward 
through the tube. The temperature is then kept constant and the rate 
of air flow changed until a rate is found which gives the lowest temperature 
that causes inflammation of the mixture in the tube. The temperature of 
the bath is then raised and the temperature at the upper-limit mixtures is 
ascertained in a similar manner. 



Fia 4. Apparatus for determining the explosive range of high-boiling hydrocarbons 

The limits of inflammability of combustible liquids may be determined 
rather closely in the apparatus described, provided the vapor pressures of 
the liquids tested are accurately known. To obtain the limits, the vapor 
pressure of the liquid at the temperature at which flame is propagated is 
divided by the barometric pressure at the time of the experiment and 
multiplied by 100. Tests made both in the apparatus described and in 
large-scale apparatus have shown approximate agreement. 

3. The me of less inflammable combustibles 

Wherever possible, solvents or other materials with the least inflammable 
characteristics should be used. Those materials should be chosen which 




INFLAMMATION LIMITS 


19 


have, at the temperatures used, vapor pressures that give atmospheres 
that are not explosive. When this cannot be done the use of chlorinated 
hydrocarbons should be considered. Table 5 shows how a combustible 
gas which has one or more hydrogen atoms replaced by chlorine gives 
resulting materials with reduced explosive characteristics. 

Methane becomes highty explosive when mixed with the proper propor- 
tions of air. AVhile methyl chloride does not produce as violent explosions 
as methane air mixtures, nevertheless explosions of this substance in air 
may do considerable damage. Methylene chloride is entirely safe when 
mixed with air at ordinary temperatures and pressures; however, when 
mixed with pure oxygen in the right propjrtions, it becomes highly explo- 
sive. Chloroform has no explosive properties. Carbon tetrachloride is 
entirely non-explosive with air in any proportions, and is used to good 
advantage in the preparation of non-combustible and non-explosive safety 

TABLE 5 


Effect of substitution of chlorine atoms for hydrogen upon the explosihility of methane 


SUBSTANCES 

FORMULA 

EXPLOSIBIUTY 

LIMITS OF INFLAMMABILITT, 
PER CENT BY VOLUME 




Lower 

Upper 

Methane 

CH4 

Highly explosive with air 

6 00 

16 00 

Methyl chloride 

C^HsCl j 

Moderately explosive with 
air 

8 20 

18.70 

Methylene chloride 

CHjCh 

Not explosive with air 

i No explosive limits 

Chloroform 

CHCh 

Not explosive with air 

No explosive limits 


cleaning compounds when added in the proper propoitions to combustible 
liquids such as naphtha and petroleum distillates. 

4^ Ehrat nation of ignition sources 

Combustible gases and vapors, mixed with air or pure oxygen in the 
proportions to give explosive mixtures, may be safely used provided all 
sources of ignition are eliminated. Before a mixture can be made to 
explode, a portion of it must be heated to its ignition temperature. The 
ignition temperature may be defined as that temperature at which rapid 
combustion becomes independent of external supplies of heat. 

It is not the purpose of this report to discuss ignition temperatures other 
than to state briefly that values renorted in the literature are variable, 
can be used only in a relative sense, and may be even misleading unless 
complete details of the procedure by which the results were obtained are 
given. The results obtained depend upon and are affected by a number of 
variables, the most important of which are the percentage of combustible 
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in the mixture, the oxygen concentration, the “lag’' or time required at a 
given temperature to cause ignition, the size, composition, and dimensions 
of the equipment in which the tests are made, the pressure at which the 
mixture is confined at the time of ignition, and the presence of catalysts 
and impurities in the mixtures. 

The safety engineer is primarily interested in the sources of ignition that 
may cause explosions These sources may be represented by the classifica- 
tion given below: 


Flames 


Ignition sources 


Sparks 


Heated materials 


Open lights 

Matches and cigarette lighters 
Fires in boilers; water heaters 
Burning material; incinerators 

Static electricity 
Electrical shorts 
Lightning 
Sparks from tools 

f Glowing metals, cinders, and filaments 
(Electric lights 


Most of the sources of ignition given above can be taken care of by estab- 
lishing proper safety regulations and installing flame-proof electrical equip- 
ment; others by designing the plants so that boilers, water heaters, and 
other equipment where there are open flames and incandescent materials 
are installed in other buildings at a safe distance from the place where 
the hazardous processes are carried out. 

Static electricity has caused many serious fires and explosions and is one 
of the most serious ignition hazards to control. There are few operations 
in which it may not be present, and it is more serious in dry atmospheres 
when the relative humidity is below 60 per cent. Static is generated by 
friction, that is, by slipping belts, pulleys, and revolving machinery and 
by the passage of solids, liquids, or gases at high velocity through small 
openings. 

Static electricity may be eliminated by grounding all machinery, pipes, 
and other equipment where charges may accumulate. To accomplish 
this, permanent metallic conductors should be connected to the pipes of 
the water system. In the case of moving equipment, metallic collectors 
or “combs” should contact the moving parts and so ground the charges 
that may collect on the equipment. 


5. Segregation of hazardous operations 

Operations which through necessity rather than choice require the use 
of inflammable gases or vapors should be segregated from other operations. 
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This requires the installation of hazardous processes in buildings at a 
safe distance from others and, if heavy combustible vapors are used, the 
elevation should be below that of other buildings so that in case of a fire 
or explosion the liquids and vapor that may be released will not flow toward 
other adjacent buildings. A hill or artificial earth barrier should be con- 
structed where the operations are exceedingly dangerous. 

6. The provision of adequate ventilation 

The necessity for adequate ventilation in buildings cannot be too strongly 
emphasized where inflammable gases and vapors are handled and used. 
This includes not only the buildings in which the vapors are used but also 
all conduits, trenches, and tunnels where lines for conveying inflammable 
gases and vapors, and pipe lines for conveying inflammable liquids, are 
installed. Such lines should be carried in the open air above ground from 
one building to another, and in buildings they should be suspended above 
the floor level where they can be inspected readily for leaks. 

Buildings should be made of light material which will offer not too great 
a resistance to pressure if an explosion occurs. The top should be provided 
with open ventilators, and wmdows should be installed in sashes of the tilt- 
ing type which open when pressure is exerted from the inside. 

It is impossible to have too much ventilation around hazardous opera- 
tions. Where possible tlie opc'rations should be carried out entirely in 
the open air, with no buildings whatever except those to house recording 
and other delicate instruments. 

7. Construction of smooth fireproof floors 

Smooth, fireproof floors resistant to the penetration of liquid combusti- 
bles should be used in buildings where hazardous operations are carried 
out. The floors should be laid directly on an earth foundation with no 
unventilated spaces underneath. They should be cleaiKid and scoured 
periodically. Many disastrous fires have been due to oils, greases, and 
hydrocarbon deposits being allowed to accumulate on the floors. Although 
such deposits are normally safe from e.xplosion hazards, they may become 
exceedingly hazardous if a small fire or explosion develops in the plant, 
since because of the resulting high temperature the deposits vaporize and 
burn and are very difficult to extinguish wdien once set on fire. 

8. Release diaphragm 

Adequate light-weight release diaphragms should be provided on all 
equipment in which explosive mixtures may be present. The ideal release 
diaphragm is that having zero mass and an infinite area. This cannot be 
realized in practice; however, the construction and size of release openings 
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should approach the above ideal as closely as possible, yet be of sufficient 
strength to sustain the operating pressure within the ecjuipment without 
danger of rupture or leakage except in the case of an explosion within 
the equipment. 

To protect properly a given installation containing explosive mixtures, 
the following factors must be known or determined experimentally, 
(i ) The typ(‘ and concentration of explosive mixtures that may be present 
in the equipment. {2) The maximum pressure the equipment will safely 
stand, (t^) The area of release openings nc'cessary to keep the pressures 
below the safe maximum pressure. (4) The type of diaphragm material 
that will rupture at the desired pressures. {5) The location of the release 
diaphragms so that there will be no unprotected dead ends. Space does 

TABLE 6 


Pressures developed by explosive mixtures of acetone-air vnth varying sizes of release 
openings, in pounds per square inch above atmospheric pressure in 8-liier bomb 


ACBTONH. 

PUB CENT B\ 

BOUND HOLE, DIAMETER OP OPENING 

SQUARE HOLE, 
WIDTH 

VOLUME 

ClOBOd 

0 26il 

0 60 in 

1 00 in 

2 00 in 

3 00 m 

4 00 m 

1 5 in 

2.5 in 

3 00 

36 

17.0 

7 0 

2 0 

0 5 

0 5 

0 6 

0 6 

0 5 

4 00 

61 

40 0 , 

20 0 

7 0 

2 5 

0 6 

0 5 

2 5 

0 5 

5 00 

74 

65 0 

45 0 

12 0 

4 0 

1 6 * 

0 5 

6 0 

1 5 

6.60 

78 


49 0 

14 0 1 

4 5 

2 0 

0.6 

6 0 

2 0 

volume in 










_ . cu ft. 

T) Q 4 1 •-«• — 

Infi. 

nite 

6 79 

1.446 

0 362 

0 0906 

0 0402 

0 0226 

0 126 

0.0454 

rvoiuio ““ 

area open- 
ing in sq. in 

Area of opening in sq. 
in. per cu ft.. 

0 00 

0.17 

0 69 

2 77 

111 06 

24 90 

44 30 

7 9 

22 0 


not permit a complete discussion of these factors, so only one example will 
be given to show how the proper diaphragm releases may be determined. 

The pressures developed when mixtures of acetone and air of varying 
concentration are ignited in the bomb provided with different release open- 
ings are given in table 6. The results show that the maximum pressure 
developed in the bomb occurs when the concentration of acetone equals 
about 5.5 per cent by volume. Using the values giving the maximum 
pressure development for the various-size release openings tested, the curve 
shown in figure 5 is obtained. This gives the pressure developed when 
the area of release openings is varied from zero opening to 45 sq. in. per 
cubic foot of space in the equipment. Assume that the equipment should 
not be subjected to a pressure greater than 10 lb. per square inch, then 
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the area of release openings should be approximately 5 sq. in. per cubic 
foot of space 

The next important factor is the determination of the proper size, 
material, and thickness of the diaphragm material which will provide 
lelcase of the gases from the equipment at a pressure of 10 lb. or less. In 
general, lead, tin, aluminum, or copper foil have been found to be most 
suitable foi release material at low^ pressures. 

One example will be shown of tests made on aluminum foil of 0.001 in. 
thickness in an 8-liter bomb when acetone -air mixtures were used for 
tests The rupturmg pressures for openings of different sizes and concen- 



AREA OF OPENING. PFR CU TF OP MIXTURE, SQUARE INCHES 

Fig 5. Curve of relation of pressures produced to area of opening, 5 60 per cent 
acetone-air mixtures 8 05-liter bomb. 

tration of acetone in air are given in figure 6. The rupturing pressure 
increases as the area of the opening is reduced. In this example, where 
the pressure must not exceed 10 lb., the curves show that the diaphragms 
must be at least 3 in. in diameter if this aluminum foil is used, and the 
number of release openings should be such as to give 5 sq. in. of diaphragm 
opening per cubic foot of space in the equipment. 

The pressure required to rupture a given diaphragm material is directly 
proportional to the ratio of the perimeter to the area. This relation can 
be expressed by the equation 

P = icl 
A 
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in which P is the pressure required in pounds per square inch to rupture 
the diaphragm, A the area in square inches, S the perimeter in inches, 
and K a constant characteristic of the particular diaphragm material 
being used. 

In practice, K is determined for any given diaphragm material by making 
tests of the material in an opening of any given size and determining the 
pressure developed when the diaphragm is ruptured. The determined 
value of K can then b(‘ used to calculate the rupturing pressure for openings 
of any size. 

In addition to the above requirements demanded of release diaphragms 
to maintain the maximum developed pressure below a given safe pressure, 
the location and distribution of the release diaphragms are very important. 
Experiments made in round ducts 12 in. in diameter and 15 ft. in lemgth 
wdth acetone and air mixtures showed that release diaphragms should be 



Fig. 6 . Tests of aluminum diaphragms, 0 001 in. thick 

distributed so that they were not more than 10 ft. apart, and that every 
dead end and sharp bend needed a diaphragm release to prevent the build- 
ing up of pressure at these points. 

9, Recorders for determining the concentration of combustibles in hazardous 

atmospheres 

(Combustible gas indicators or recorders should be installed in all equip- 
ment where hazardous concentrations of combustibles may be present, and 
sampling locations should be chosen so that samples may be taken from 
different locations. Equipment has been developed whereby samples may 
be taken periodically from twenty or more locations and recorded on one 
instrument. 

It is not the purpose of this report to discuss the merits of indicators 
and recorders. There are recorders now marketed which operate on the 
thermal conductivity principle, others on the change in volume resulting 
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from the burning of the combustibles in the sample, while others depend 
upon the increase of resistance of a glowing filament when operating in an 
atmosphere containing combustibles; the greater the amount of combusti- 
bles present the greater the temperature of the wire and therefore the 
greater the resistance. 

The performance and success of any of these devices can be determined 
only by actual installation in a representative plant and calibration of the 
device by chemical analysis against the particular combustibles used in 
the process. 
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Approximately two-thi^d^ of the mechanical horsepower of the nation is 
developed by internal-combustion motors operating on the Otto cycle. 
In the ideal cycle (figure 2) the mixture is compressed adiabatically from 
1 to 2, and the combustion is supposed to take place instantaneously at 
constant volume over the path 2-3. The burned gases then expand adia- 
batically from 3 to 4, at which point the exhaust valve opens and the 
mixture expands from 4 to 4', leaving within the cylinder that quantity 
represented by point 5. On the exhaust stroke from 5 to 6 most of the 
burned mixture is forced out of the engine cylinder, that volume repre- 
sented by point 6 being retained in the clearance volume. The charge is 
then drawn in along the intake stroke from 6 to 1, and the cycle is repeated. 

I. THE NORMAL CYCLE 

The actual combustion does not take place instantaneously, but begins 
at a single point or zone where ignition occurs. Inflammation spreads 
rapidly throughout the entire mixture, with each succeeding part to be 
inflamed burning under conditions of higher pressure and temperature 
than the previous zone. Such a reaction is not a true homogeneous reac- 
tion in the sense that the gas is a single homogeneous phase during combus- 
tion, but only in the sense that the reaction takes place in a gas phase 
which is strictly a single phase only before and after combustion and is 
unaffected by surfaces Such a reaction has been called ^'progressive 
homogeneous^^ (2). The combustion may be expressed diagrammatically, 
as in figure 1. Condition A represents that immediately before ignition. 
B represents the complete inflammation of layer 1 and its expansion com- 
pressing the unburned gas ahead of the flame. Condition C represents 
the inflammation of layer 2, which expands and compresses the burned 
gases in layer 1 and the unbumed gases ahead of the flame. The same 
procedure is indicated in a further stage of combustion in D. 

If the combustion proceeds orderly in this manner at a moderately low 
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rate, pressure is equalized throughout the gaseous mixture as the Same 
advances. The normal combustion Otto cycle is an idealized cycle, 
assuming this type of normal combustion to take place while the piston is 
at top dead center. Figure 3 indicates the specific properties of the first 
and last layers of the mixture to burn in this manner as computed by the 
thermod>mamic chart of Hershey, Eberhardt, and Hottel (13). The ex- 
pansion and compression of the successive layers of gas burned in such a 
progrcvssive combustion reaction establish a temperature gradient through- 
out the burned mixture, as may be computed (13) and as has been measured 
(14, 22). 



Fig. 1 Normal combustion. A represents the charge before ignition, B the con- 
ditions when layer 1 is inflamed, C the conditions when the flame has passed 1 and 2 
is inflamed, and D the conditions with a fast burning mixture when pressure is not 
uniform but is concentrated in the flame front. 

The use of the enthalpy-entropy charts takes into consideration changes 
in heat capacity and equilibrium in the product of combustion. They are 
considered to give reliable results depending upon the assumption made in 
their application. For convenience the computations that may be made 
by the use of the ideal gas equation, ignoring chemical equilibrium, have 
been outlined in the appendices. 

The temperature gradient at the end of normal combustion, assuming 
adiabatic processes and no mixing, with uniform pressure distribution 
during combustion with the piston at top dead center, is computed as 
1500°F for ideal gas mixture (see Appendix 11(3)), and as 763®F. by 
means of the thermodynamic equilibrium chart. In each case a compres- 
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sion pressure of 160 lb. per square inch and a combustion pressure of 760 
lb. per square inch absolute were assumed. The relatively large difference 
in the two methods is due to the fact that variations in heat capacity and 
dissociation have been accurately computed in the thermodynamic charts 
and neglected in the simple equations assuming ideal gases. An interest- 
ing comparison with experimental data is provided from tests on an engine 
of 4.4 compression ratio, using 80 per cent of theoretical air (22) in which a 
temperature gradient of about 600°F. was measured. The computed 
temperature gradient for this compression ratio, using 85 per cent of the 
theoretical air according to the thermodynamic chart (13), is 1030°F. 
When it is considered that 40° of crank revolution was required for com- 



Fig. 2. Pressure-volume diagram of the ideal Otto cycle I 

bustion in the engine, as well as that there were other differences, and that 
it is impossible to measure the temperature of the extreme first and last 
layers burned, the agreement appears satisfactory. 

Insofar as efficiency and work are concerned, the ideal instantaneous 
combustion Otto cycle and the normal combustion Otto cycle are closely 
equivalent (13a). This is due to the fact that combustion occurs with the 
piston at top dead center in each case and with no important thermo- 
dynamic irreversibility other than that of the chemical reaction itself. 
These two cycles are identified as cycle I of figure 2 and cycle II of figure 3, 
as computed from the thermodynamic charts using 85 per cent of theoreti- 
cal air (13). The properties of the working fluid at the various points as 
calculated are given in table 1. The slight differences between cycles I and 
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Fig. 3 Fig. 4 

Fig. 3. Pressure-Volume diagram of the normal Otto cycle. The solid lines repre- 
sent average or effective properties, and the broken lines represent specific proper- 
ties of the first (a) and last (b) parts of the mixture to be inflamed. 

Fig. 4. Pressure-volume diagram of a knocking Otto cycle in which one-third of 
the charge detonates at constant volume. The solid lines represent average or effec- 
tive properties and the broken lines specific properties of the first (a) and last (b) 
parts to burn normally with uniform pressure distribution and of the detonating 
(d) part of the mixture. 
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TABLE 1 

Computed properties of working fluid in adiabatic Otto cycle 
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II indicated in table 1 are due to the inexact but convenient use of arith- 
metical averages of the properties of the first and last layers of the mixture 
to bum. As the same procedure was used for the detonating cycle III as 
for the normal cycle II, these two cycles are comparable in all respects. 

In these figures a solid line represents the average properties of the work- 
ing fluid in the cycle. The dashed lines in figure 2 (cycle I) indicate the 
specific properties of the fluid at the end of expansion and with the exhaust 
valve open with the piston at lower dead center. The dashed lines in 
figure 2 (cycle II) indicate the specific properties of the first and last in- 
finitesimal layers to be inflamed, assuming adiabatic conditions without 
mixing and uniform pressure distribution during combustion. 

II. THE KNOCKING CrCLE 

If the inflammation is accompanied by an extremely high rate of rise 
of pressure so that the pressure is not uniformly distributed throughout the 
mixture, as has been indicated in figure 1 D, which shows the layers 4 and 5 
immediately ahead of the inflamed layer 3 compressed to a greater degree 
than the unburncd gas toward the right end of the cylinder, a zone of high 
pressure is built up directly ahead of the flame and within the flame. Un- 
der these conditions the inflamed layers of gas at a high pressure expand 
very rapidly, compressing those layers of gas at low pressure in sequence 
with a velocity equal to the velocity of a sound wave in the gaseous 
medium (15). This action establishes a high intensity pressure wave 
traveling back and forth through the mixture and reflected from the walls 
of the combustion chamber. The immediate cause of such a pressure 
wave is the extremely high rate of rise of pressure developed in a part of 
the mixture and the extremely rapid expansion of this high pressure zone 
against the low pressure zone within the mixture. Such an expansion 
takes place with extreme speed and is thermodynamically highly irrevers- 
ible, in that the work energy lost by the zone of high pressure equals 

fPidV 

while the work done by the zone of high pressure on the zone of low pressure 
is equal to 

fP2dV 

Since dU is the same in the two expressions and Pi is much greater than Pt 
at the beginning of the expansion, although equivalent at the end, it is 
clear that the expansion of the high pressure zone against the low pressure 
zone is thermodynamically irreversible. However, the pressure imme- 
diately ahead of the high pressure zone is locally equal to Pi, because of the 
high velocity of expansion and the high rate of rise of pressure. Therefore 
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the path covered by the high pressure zone during expansion is correctly 
represented by an adiabatic path corresponding to the fPidV above as is 
the fPAV representative of the path for the low pressure zone. 

The apparent loss in potential energy accompanying this irreversible 
expansion is evident in the high velocity intense pressure wave as kinetic 
energy, the conversion of potential energy into kinetic energy being neces- 
sary to accomplish the extremely rapid expansion caused by the high rate 
of rise of pressure in the high pressure zone. 

In fuel-oxygen mixtures the rate of reaction and the rate of rise of pres- 
sure in the flame front are so intense that the condition outlined above is 
obtained in the case of an otherwise normal progressive combustion and 
results in the detonation wave (9, 26), in which the unburned mixture 
immediately ahead of the flame front is ignited and inflamed by the in- 
tense adiabatic compression, so that the detonation wave is supported by 
the inflammation which is part of the pressure wave itself. 

In fuel-air mixtures the rate of reaction is retarded by the presence of 
diluent, and the true detonation wave is not ordinarily developed. How- 
ever, in high-compression engines the compression of the unburned charge 
ahead of the flame front by the process of normal combustion in which the 
pressure is uniformly distributed in the manner described frequently brings 
the unburned charge to such a condition of temperature and pressure that 
it spontaneously bursts into flame, accompanied by an intensely high rate 
of rise of pressure due to the extremely rapid inflammation. The effect 
of this extremely high rate of rise of pressure caused by the autoignition, 
or “detonation”, of the unburned charge results in the same type of spon- 
taneous, thermodynamically irreversible expansion of the high pressure 
zone against the low pressure zone of gases in the combustion chamber 
immediately following such autoignition. This results in the intense 
pressure wave which is similar in most respects to the detonation wave 
described above, except that it is not accompanied by the simultaneous 
inflammation of an unburned mixture. 

This mechanism of engine detonation has been indicated for many years 
on the basis of experiments in bombs (32, 7), and has been confirmed by 
photographic studies of detonating mixtures in the combustion chamber of 
an engine (25, 23). In these studies (23) normal combustion at 900 r.p.m. 
required 36° of crank rotation or about 0.0067 second for complete inflam- 
mation. Knocking or “detonating” combustion under the same speed 
and other conditions required a total of only 22° rotation or about 0.0041 
second for complete inflammation. The normal combustion of approxi- 
mately one-half by weight of the mixture required the same time in each 
case, — about 0.0036 second. But the autoignition of the last half of the 
charge in the knocking combustion required only about 0.0005 second for 



34 


GEOKGE GRANGER BROWN 


complete inflammation. The photographs (23) clearly indicate that auto- 
ignition and inflammation of the last half of the charge during 0.005 second 
takes place without observable change in the position of the previously 
burned gases, that is, at substantially constant volume. 

In figure 4 is shown cycle III, which represents the normal combustion 
of two-thirds of the explosive mixture followed by autoignition or detona- 
tion of the last third of the mixture, computed by means of the thermo- 
dynamic charts (13), assuming 85 per cent of theoretical air and the same 
compression ratios and initial conditions as for cycles I and II. The 
normal combustion of the first two-thirds of the mixture was assumed to 
take place with uniform pressure distribution throughout the charge, and 
the autoignition or knocking of the last third of the mixture to be inflamed 
was assumed to take place at constant volume. The entire process is 
assumed to be adiabatic, and the various zones of gases are assumed to 
expand or to be compressed without mixing under adiabatic conditions in 
the same manner as was assumed in computing the normal combustion 
of cycle II (13) represented in figure 3. 

The properties of the working fluid corresponding to the different points 
in cycle III are included in table 1. It will be noted that the compression 
of the charge along the path 1-2 is the same for all three cycles. The first 
infinitesimal layer to be inflamed is ignited under conditions corresponding 
to point 2 and burned with pressure constant and uniformly distributed 
throughout the mixture along the path 2-2'. Along this path the en- 
thalpy of the mixture remains constant. Normal combustion proceeds 
in successive layers compressing the unburned mixture ahead of the flame 
adiabatically along the path 2-2b. At 2b the last layer is inflamed and 
burns at constant pressure 2b-3b. In cycle II this completes the entire 
combustion. But in the knocking cycle III this normal combustion is 
assumed to continue for only two-thirds of the charge, and upon com- 
bustion of the last layer to burn normally along the path 2b-2b', one-third 
of the charge, at conditions corresponding to 2b, is still uninflamed. 

In cycle III the balance of the combustion is assumed to take place at 
constant volume along the path 2b to 2d'. At the instant of the comple- 
tion of this constant volume combustion or autoignition of the last third 
of the charge, that part of the charge which has burned normally is at the 
pressure represented by the horizontal line 2b-2b', while that part which 
has detonated is at the pressure 2d'. This large difference in pressure 
requires that the high pressure zone at the pressure 2d' expand with a high 
velocity along the adiabatic path 2d'-3d, thereby compressing the pre- 
viously burned charge for the pressure 2b' to the point 3b for the last layer 
to be burned normally and to the point 3a for the first layer to be burned. 
After this expansion the mean effective pressure corresponds to point 3. 



RATE OF RISE OF PRESSURE IN THE OTTO CYCLE 


35 


This is the pressure which is effective on the piston in doing useful work, 
as the instantaneous high and low pressures in the high velocity pressure 
wave are not effective in accomplishing any useful work on the piston. 

The computation for this adiabatic irreversible expansion has been made 
in exactly the same way as was proposed by the authors of the charts (13) 
for handling the irreversible expansion of the exhaust gases from the com- 
bustion chamber through the exhaust valve to atmospheric pressure at the 
end of the expansion zone. The temperatures and pressures of the various 
parts of the mixture so computed and listed as table 1 indicate that the 
maximum temperature in the detonating combustion is found not in that 
part of the mixture to detonate (point 2d, cycle III) but in the first layer 
of mixture to be inflamed (point 3a, cycle III). This difference in tem- 
perature persists throughout the expansion stroke in the same manner as 
the temperature gradient in normal combustion cycle II previously 
discussed. 

The pressure developed in the detonating part of the charge is much 
higher than that effective in any other part of the mixture. In table 1 an 
absolute pressure of 2020 lb. per square inch is indicated for the detonating 
part of the charge, as compared with an effective pressure of 725 lb. per 
square inch absolute for other parts of the charge. It is true that this 
high pressure in the detonating charge exists only for an extremely short 
interval of time and that it is not effective in doing work on the piston, 
although it has been referred to as an effective pressure because it is the 
motivating force for the high pressure wave which is set up in detonating 
explosions (25) and is accompanied by enormous acceleration in the pres- 
sure-time curve of the detonating portion of the charge. 

If the observed time of autoignition at 900 r.p.m. for one-half of the 
charge (23) be assumed as the time interval for the detonation of one-third 
of the charge in cycle III, the average rate of rise of pressure during the 
detonation would be 

2020 - 560 ^ , 

— fTnhhK — 2,920,000 P.8.1, per second 

U.UUUo 

The average rate of rise of pressure for the normal combustion preceding 
knock may be estimated as 

560 — 160 . 

"~(fo636 — 120,000 p.s.i. per second 

These figures indicate an average acceleration of the rate of rise of pressure 
during detonation or knock of about 

— or 5,600,000,000 p.s.i. per second per second 
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Maximum acceleration of the pressure-time curve during detonation at 
speeds of 2000 r p.m. might be 10 to 500 times this estimated average. 
Such forces exerted on the head and piston of the engine cause an acceler- 
ated deflection of engine parts, resulting in a maximum deflection greater 
than would be caused by the application of the same maximum pressure 
if the maximum pressure had been attained more gradually (16). 

These enormous forces developed by the detonating part of the charge 
have an intense local action on the surrounding jpart of the combustion 
chamber and may be the true cause for the destruction of part of alloyed 
pistons when operated under severe detonating conditions. The apparent 
fusion of such pistons in the detonating zone cannot be due to the tempera- 
ture developed therein, as this is actually less than that developed in the 
first layer to burn (compare point 2d and point 3a of cycle III in table 1). 

The computed average effective pressure at the end of combustion for 
cycle III is 725 lb. per square inch, as compared with 760 lb. per square 

TABLE 2 


Computed effect of knocking on power and efficiency in adiabatic Otto cycle 
Compression ratio = 6 



NORMAL. 

KNOCKING 

Cycle 

Work done = (fA - lU) - {Ih -- Ui) averages, in 

11 

III 

B t. u 

Calculated efficiency based on 19,240 X 0 0749 B t u for 

475 

450 

net heat combustion of fuel per pound of air, in per cent 

32 9 

31 0 

Mean effective piessure, in pounds per square inch 

182 

172 


inch for the normal cycle II. This loss in effective pressure chargeable 
to the thermodynamic irreversibilities involved in the mass equalization 
of pressure following combustion results in a loss of about 5.5 per cent in 
net work, efficiency, and mean effective pressure of the cycle, as indicated 
in table 2. 

The application of the ideal gas laws to the computation of such a knock- 
ing cycle (11) is indicated in Appendix 11(4), with an indicated average 
pressure for the end of combustion (point 3) of 730 lb. per square inch as 
compared with 725 lb. per square inch for cycle III computed from the 
charts (13) 

Since the power developed by such cycles depends entirely upon the 
increase in pressure accompanying combustion, it is interesting to note 
that the loss in work and efficiency due to knocking is proportional to the 
loss in effective rise in pressure upon combustion. This loss in rise of 
pressure is computed as 5 per cent, using the ideal gas equation as in 
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Appendix II, and 5.83 per cent as computed by the thermodynamic 
charts (13). 

An experimental confirmation of the loss in power due to detonation as 
computed upon these assumptions is provided by test data taken on a 
variable compression N.A.C.A. Universal test engine and reported some 



Fig. 6. The effect of compression ratio on the power (mean effective pressure) de- 
veloped by different fuels in the N.A C P> Universal test engine, 

years ago (3). Figure 5, reproduced herein, is a plot of the mean effective 
pressure as a function of compression ratio as observed for different fuels. 
Fuel 2182 developed incipient detonation at a compression ratio of about 6. 
The increase in compression ratio beyond that at which incipient detona- 
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tion develops, sufficient to cause detonation of one-third of the mixture as 
assumed for cycle III, may be computed by equation 17 as derived in 
Appendix 1(4), as has been done in Appendix 11(4). As indicated therein, 
an increase in compression ratio of about 33 per cent based on a compres- 
sion ratio of 6.25 for incipient detonation, would be sufficient to cause the 
last third of the charge to detonate. 

At a compression ratio of 8, which is an increase of 33 per cent over a 
compression ratio of 6, fuel 2182 developed a mean effective pressure of 
about 151 lb. per square inch, compared with a mean effective pressure of 
about 161 lb. per square inch for benzene, which does not detonate under 
these conditions. The mean effective pressure developed by benzene is 
about 1 per cent greater than that developed by fuel 2182 at lower com- 
pression ratios where neither fuel knocked. Making this adjustment for 
the different fuels, as indicated by the dashed extension of the curve for 
fuel 2182 in figure 5, the loss in mean effective pressure caused by detona- 
tion of fuel 2182 at a compression ratio of 8 is about 9 lb., as compared with 
a mean effective pressure of 160 lb. for non-detonating conditions. This 
corresponds to a loss of 5.6 per cent for the computed detonation of one- 
third of the charge. This is in excellent agreement with the 5.5 per cent 
computed for an idealized cycle by the thermodynamic charts (13) as given 
in table 2. 

Similar calculations for fuel 62, which showed incipient detonation at a 
compression ratio of 4.7, indicates a loss in mean effective pressure of 5.3 
per cent due to detonation at a compression ratio of 6.3, which is an increase 
of 33 per cent over that compression ratio required for incipient knock. 
Similarly fuel 75, showing incipient detonation at a compression ratio of 
about 5.3, indicates a loss in mean effective pressure of 5.1 per cent, owing 
to detonation at a compression ratio of 7.1. 

These test results on different fuels of different knock ratings, showing 
approximately the same relative loss in mean effective pressure on detona- 
tion as computations based on adiabatic cycles, indicate that the loss in 
power and efficiency due to detonation may have a thermodynamic 
explanation in the loss of availability in the thermodynamic irreversibility 
of pressure equalization after detonation independent of any increased loss 
of heat by heat transfer from the gases to the jacket. The conversion of 
heat into work is a ^‘second law” problem and is greatly reduced by thermo- 
dynamic irreversibility. 

If the kinetic energy evident in the intense pressure wave caused by 
detonation were immediately converted to heat energy by absorption 
within the gaseous mixture, it might be expected that there would be no 
loss in power to the detonation. But the photographs of detonating 
combustion in engines show that these pressure waves persist for some 
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time (26), and it would appear more reasonable to assume that they are 
damped by the absorption of their energy in the walls of the combustion 
chamber rather than by the mixture itself. The computation based on 
an adiabatic cycle confirms this interpretation. As correctly stated by 
Rassweiler and Withrow (24), this loss in power and efficiency ‘‘must be 
accounted for by differences between knocking and non-knocking explo- 
sions other than a temperature difference of the gases^^ as they had 
observed that the temperature of the gases was actually lower in knocking 
combustion than in normal combustion. This difference is also evident 
in the computed cycles III and JI as indicated in table 1. Increased heat 
transfer due to the pressure waves following detonation may be an un- 
necessary assumption. 

These pressure waves of high intensity developed by detonation must 
not be confused with the vibrations which are frequently observed in 
normal burning mixtures (9, 15) even if such vibrations take on the proper- 
ties of a pressure wave (26), owing to the acceleration of the flame (9) and 
the accompanying intensification of the vibrations as it passes through the 
flame front. These vibrations are apparently caused by oscillations in the 
igniting spark (26); when suppressed or eliminated by proper control of 
the spark no shock wave was developed upon autoignition in a cylindrical 
bomb (26). 

These pressure waves, combined with a high rate of rise of pressure in 
the last part of the mixture to burn, may be the cause of roughness in 
engines, as in bomb experiments this combination was found to develop 
sound and vibrations in a similar mannei (26). 

III. ROUGHNESS 

Intermediate in outward characteristics to knocking and normal com- 
bustion is another phenomenon characterized as “roughness^^ which is 
caused by high rates of rise of pressure or, more correctly, by high accelera- 
tions in the rate of rise of pressure. Janeway (16, 17) has analyzed com- 
bustion as related to roughness and has set forth the quantitative char- 
acteristics of two normal explosions (table 3), each developing the same 
ma;jdmum pressure with uniform pressure distribution throughout the 
combustion period, but one of smooth combustion characteristics and the 
other rough. 

If the combustion chamber and location of the spark plug are so designed 
that the increase in volume of the flame with length of travel from the 
source of ignition is large during the early part of combustion and reduced 
during the later stages of combustion, the rate of rise of pressure is more 
nearly uniform with greatly reduced maximum acceleration (16, 17) . This 
makes for a smooth combustion and a retarded rate of rise of pressure 
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during the combustion of the last part of the charge. This design is 
equivalent to igniting the mixture in a conical chamber by placing the 
spark plug centrally a short distance in from the base. The larger volume 
of the charge is then inflamed before it has been highly compressed by the 
expansion of previously inflamed mixture, and a much smaller part is 
burned under conditions which tend toward a high rate of rise of pressure. 
This tends to increase the acceleration in the rate of rise of pressure during 
the early part of combustion and to reduce the? high acceleration which 
would otherwise occur in the last part of the mixture to be inflamed. The 
result is a smooth combustion which is otherwise difficult to obtain in high- 
compression motors. 


TABLE 3 

Quantitative comparison of smooth and rough engine (17) 



SMOOTH 

ROUGH 

RELA- 

TIVE 

Maximum rate of rise 

Pressure, in pounds per square inch per 
second 

162,300 

34,000 

2.18 

Restoring force, in pounds per square inch 
per second 

188,370 

465,000 

2.47 

Maximum acceleration m rise 

Pressure, in pounds per square inch per 
second per second 

93,000,000 

567,000,000 

6 1 

Restoring force, in pounds per square inch 
per second per second 

149,000,000 

605,000,000 

4.05 

Relative kinetic energy of deflecting mass, 
(2 47)2 

Maximum restoring force, m pounds per 
square inch 

439 

543 7 

6 10 

Maximum pressure, in pounds per square inch 

410 

410 


Shock factor,* per cent 

7 07 

32.6 

4 6 


Maximum restoring force — maximum pressure 


\ Maximum pressure / 

Roughness may result from a high acceleration of the rate of rise of 
pressure from any cause, and should not be considered simply a mild form 
of detonation, which apparently always involves autoignition. The cause 
of roughness may be a distortion of the engine parts (16, 17), similar to 
but much less severe than that accompanying detonation, which sets up a 
vibration, or it may be caused by a transverse vibration of the crankcase 
which passes through a cycle in the same time as the periodic force which 
produces it, thereby increasing in amplitude from cycle to cycle until the 
damping forces become equal to the exciting force (12). 
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IV- THE RATE OF RISE OF PRESSURE 

In order to control roughness, it has been found necessary to limit the 
maximum acceleration in the time rate of rise of pressure of the combustion. 
The rate of rise of pressure in the combustion is also a major factor in the 
control of detonation. 

Combustion in the engine (23, 24) is, in all respects so far investigated, 
similar to the combustion of gaseous mixtures in bombs of constant volume 
(15, 26). The high degree of turbulence present in high speed engines 
and absent in bombs serves to increase greatly the speed of inflammation 
in normal combustion without appreciable change in the mechanism of 
combustion. This indicates that the reaction is heterogeneous in nature, 
that is, involving gases in more than one phase at one instant, and that 
the mechanism of the spread of flame through th(‘ mixture involves the 
transfer of heat or of material substance from inflamed gases to uninflamed 
gases ahead of the flame. 

The results of computations based on the ideal gas laws are qualitatively 
correct in analyzing the Otto cycle and may also be used to indicate the 
effect of some factors controlling the rate of rise of pressure during com- 
bustion. By this procedure (4), which is briefly summarized m Appendix 
1(5), it may be shown (equation 20) that the rate of rise of pressure varies 
directly as some power of the pressure at which the gas is ignited. 

The effect of temperature is more complicated but it has been shown (4, 
21) that there is a real positive critical initial temperature at which the 
explosion develops its maximum rate of rise of pressure. This is true 
whether this critical initial temperature is determined under conditions 
of constant initial pressure, as is the case when the temperature of the 
mixture in the intake manifold is varied at constant throttle and speed, or 
under conditions of constant density, as is the case when the mixture 
temperature is varied after a positive displacement supercharger or after 
being confined within the cylinder. But the critical temperature is not 
the same under these different conditions (21). 

V. FUEL CHARACTERISTICS 

Autoignition develops a very high rate of rise of pressure with loss of 
available work energy and is by its nature a different reaction from normal 
combustion. It has been indicated (7) that the tendency of a fuel to 
knock in an engine may be estimated as varying directly with its rate of 
rise of pressure upon normal combustion and inversely with its ignition 
temperature. The rate of rise of pressure is directly proportional to the 
rate of reaction, which is also related to the “ignition lag'' (28), so that 
perhaps all of us are really talking about the same thing but using different 
language. In any case, it appears that both factors must be considered in 
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autoignition, although only the rate of reaction need be considered in the 
case of normal combustion and the detonation wave. 

In actual engine operation it is frequently observed that cracked petro- 
leum fuels of an unsaturated and aromatic character are apparently 
depreciated in antiknock quality as compared with that which would be 
expected from laboratory tests. It has also been observed that super- 
charged engines do not so depreciate these fuels. It has been shown (21) 
that a supercharged engine is operating above the critical initial tempera- 
ture for maximum rate of rise of pressure, while the normal engine is 
usually operating below. If the knocking tendency of a fuel is a function 
of autoignition temperature and rate of rise of pressure (or reaction), the 
knocking tendency would be increased more noticeably by an increase in 
temperature in the normal engine, which is below the critical initial tem- 
perature, than by an increase in temperature in the supercharged engine, 
which would tend to decrease the rate of rise of pressure and thereby tend 
to compensate for the other effects of temperature in stimulating auto- 
ignition. These observations would be particularly applicable to aromatic 
fuels, because of their high autoignition temperature (19). 

In at least one case (10) it was found that engine detonation could be 
eliminated by increasing the inlet temperature when operating at high 
temperatures, which would be expected if the operation were conducted at 
a temperature above the critical initial temperature and with a fuel of high 
autoignition temperature. 


VI. SUMMARY 

The thermodynamic approach to combustion and the rate of rise of 
pressure in the Otto cycle are fruitful in analyzing the effect of different 
conditions upon the operation of the cycle. It is suggested that the 
thermodynamic method is an important tool in explaining and analyzing 
known characteristics such as “engine knock^^, roughness, and the effect 
of supercharging on the relative knock ratings of different types of fuels, 
and also a means of predicting characteristics of such combustion cycles 
as in the case of the critical initial temperature giving maximum rate of 
rise of pressure. 
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APPENDIX I 


1. the increase in pressure on combustion 


Assume an ideal gas with constant specific heats to which heat is added equivalent 
to combustion 

Fa =* the constant volume of the combustion chamber, 

Fi « the volume of a portion of the mixture before combustion, 

Vi *= the volume of this portion after combustion, 

Q = the heat liberated by combustion of unit volume of mixture, 

QFi ~ the quantity of heat available to Vi liberated by combustion of Fi, 
QFi « AUi + W (1) 

AUi « the increase in energy content of the portion of mixture burned, evident 
in increased temperature, 

IF « the work done by Fi on Fa " Fi due to expansion of Fi to Fa, 


AUi 


P2V2-P1V1 

K-l 


(Ti - Ti)Cr 


( 2 ) 


P2(Fa - Fa) ~ Pi(Fa - F,) 


W 


1 


(3) 
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K 


CJCv = ratio of specific heat at constant pressure to that at constant 
volume, 


QVr = 


{P,-P,)Va Va^P VaAPC. 


K -I K 
QV^PA 


AP 


- 1 R 

QViR QV^Rr 


C.Ta C.Va 




TaAPC, 

Pa 


(4) 

(4a) 


where r = the compression ratio — and Fo = the volume of the charge prior to 

Vo 

compression. 

The increase in pressure (AP) is directly proportional to the portion burned (Fi) 
and the initial pressure (Pa) and inversely proportional to the heat capacity (Ct) 
and the original or initial tempeiature (Ta). For constant intake conditions (Fo), 
the increase in pressure (AP) upon combustion varies directly as the fraction burned 
and the compression ratio (r) and invei^sely as the heat capacity (Cv) 


2 THE SPECIFIC VOL.XTME OF A SMALL UNIT MASS OF THE CHABGE (aS REPRESENTED BY 
AN INDIVIDUAL LAYER IN FIGURE 1) IN NORMAL COMBUSTION 


Considering the combustion of successive infinitesimal layers with uniform pres- 
sure distribution as in normal combustion, 

Fo = the original volume of small unit mass of the charge, 

Vc = the volume of such mass after being compressed adiabatically by the 
burning of other portions, and at which it is inflamed, 

Ve ~ the volume to which such mass expands at cohstant pressure during in- 
flammation and combustion, and 

F/ = the final volume of such mass after further adiabatic compression by the 
burning of succeeding portions, the whole at P/. 

In the first step of adiabatic compression of unburned gas by previous combustion 
of other parts 

V.-(g)V. (5) 

In the second step of combustion at constant pressure 

< 6 ., 

A — 1 


From which 


F. 


Q(K - l)Fo 
KPe 


-f Vc 


( 6 ) 


In the third step of adiabatic compression of the burned gas by later combustion 
of other parts 



Substituting equation 5 in equation 6 and the result in equation 7 and rearranging 


Vf 


(Pr)^ Q(K-l)Vo , 
7 + 



( 8 ) 
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3. THE PRESSURE DEVELOPED IN THE MIXTURE ACCOMPANYING DETONATION 

If combustion of any part takes place with extreme speed so that pressure is not 
distributed, that portion so burning or “detonating” may be assumed to burn under 
conditions of constant volume. Pd = the pressure developed by “detonation” of 
that part of the charge burning at constant volume. 

From equation 4, remembering that Ve now equals total volume to burn at con- 
stant volume and that all of this volume does so burn (Fi = V a) 


QVo 


{Pd - Pc)Vc 
K - 1 


and 


Pf - Po Vo 
K - I Vo 


Pd 








+ Pc 


( 9 ) 





(F, - Po)V.Tc , ^ 
Pc Vc ' 


( 10 ) 


Consider that part of the charge burns normally with pressure uniformly dis- 
tributed, followed by constant volume combustion without uniform pressure distri- 
bution, that IS, “detonation” of the last part, and that the pressure is equalized after 
combustion, rather than during combustion, by adiabatic compression and ex- 
pansion. 

Px — final pressure after equalization after “detonation,” 

Vx — final volume of unit mass after such combustion, 

Vxn ~ final volume of unit mass that burns normally, 

Vxd - final volume of unit mass that “detonates,” and 
P/ — final pressure resulting from normal combustion as before. 

Since the total volume of the entire charge remains constant 

Since the quantity burned in normal combustion is proportional to the increase in 
pressure (equation 4), 

2 Vc, + vuPf - Pc) = n(P/ - Po) (11) 

Po 

From equation 8 




P ^ 


(Pf - Po)Vo 
KiPxf 


(Pf - Po)Vo 


(p^ - pf) 


+ 



Po) 





Vr « 



Vo 


( 12 ) 
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and equation 9 gives 


(P/ - Po) 




J m 

. {ly 


Vo (13) 

Substituting equations 12 and 13 in equation 11, cancelling Vo, and solving for 


1 1 
P? = Pf - 


p^ - 
0 

/p, 


■! 

ipf - 

•j + Po 

j(P/ - Pr) 


P/ - Po 


P? = 


(Sf- 




p/ 


VPo Po/ 


(14) 


(14a) 


4. THE EFFECT OF COMPRESSION RATIO ON THE QUANTITY OF CHARGE DETONATING 

If an engine is operated at such compression ratio as to be at the limit of normal 
combustion, thav is, so that any higher compression would result in incipient de- 
tonation, the compression ratio at which any degree of knock will occur or the degree 
of knock for any other compression ratio may be estimated by the following equations : 
From equation 4a 


AP 


xRr 

cTvo 


where x =» the fractional part of charge burned and r = compression ratio 


Xi 

Va 


The pressure reached on completion of normal combustion of x part of the mixture 

xRr 


Pa -f AP = Poir)^ + 


C.Vo 


(15) 


For the same intake conditions with the same mixture to obtain the same pressure 
at end of normal combustion 


Po(r.)'^ + 


xiRri 


Pc(r,)' + 


xoRrt 


( 16 ) 


For the same pressure of combustion of the last layer to burn normally 
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where Pb •“ absolute pressure of the last part to burn normally and P© * absolute 
intake pressure. 

If chemical equilibrium be assumed for the products of combustion, similar calcu- 
lations may be made by use of the thermodynamic charts (13), without assuming 
ideal gases. In computing the effects of detonation as indicated by these equations, 
the results are similar by both methods. 


6. THE RATE OF RISE OF PRESSURE ON COMBUSTION AS INFLUENCED BY CONDITIONS AND 
PROPERTIES OF THE MIXTURE 

Considering the ideal combustion at constant volume and writing equation 4 in 
the differential form, and dividing by “di’^ the time rate of rise of pressure | 


^ _P_ (^\ 

dt ^ TCv \dt ) 


lai/lUU 4: 1 


Phk 

TC. 


(18) 


where Cv = heat capacity of products of combustion per unit of mixture, 
t = time, 

h — heat of combustion per unit of mixture, and 

k = specific reaction velocity and number of units reacting per unit of mix- 
ture per unit of time 

It has been shown (4) that, even in this ideal homogeneous reaction, k has a max- 
imum value for any particular pressure at some finite positive temperature when the 
order of the reaction is greater than 1. This was demonstrated theoretically on the 
basis of the well-known effects of temperature and density upon the velocity of 
gaseous reaction, which lead to the following equation: 


k ■■ 




(19) 


where a == the order of the reaction, 

P ~ a constant representing the ‘‘energy of activation," and 
C = a constant of integration, 

from which it may be shown that for any given pressure (P), k has a maximum value 
B 


when T 


a - r 


Thus the well-known fact that the rate of flame travel (32), as well as the rate of 
rise of pressure (4, 21), may be decreased by an increase in initial temperature may 
be explained on the basis of the well-known effect of temperature and density upon 
gaseous reactions. 

Combining equation 19 with 18 


dl 


(e) 


( 20 ) 


By means of this equation it has been shown (4) that there is a real positive value 
for the initial temperature (T) which will give the maximum rate of rise of pressure 
upon explosion of an explosive mixture for any given constant initial pressure, P, 
and if the order of the reaction, a, is greater than 1, the same statement applies to 
mixtures which may be ignited under conditions of constant initial density. 
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Similar relationships leading to exactly the same conclusions can be derived by a 
more complicated procedure, assuming normal combustion or progressive inflamma- 
tion by a self-propagating flame 

These conclusions have been verified by experimental work in bombs (4, 21). 
Furthermore, the effect of heat capacity of the products of combustion and of their 
change with temperature upon the relative value of the initial temperature giving 
maximum rate of rise of pressure, has also been confirmed experimentally (21) in 
bombs The general conclusions regarding the “critical initial temperature” giving 
maximum rate of rise of pressure have also been confirmed by tests conducted in 
normal and supercharged engines (21) 

It 18 therefore indicated that the same theimodynamic or macroscopic approach 
may be used with satisfactory^ results in problems involving rates as well as those 
supposed to be at equilibrium. 


APPENDIX II 


NUMERICAL CALCULATIONS USING THESE EQUATIONS DERIVED ON THE ASSUMPTION OF 

IDEAL GASES 

IfX = 1 3, = IGO, P2 = 760 

(1) Compute Q (B t.u per cubic foot at PiTi): by equation 4, since Fi = V a 

^ P 2 - Pi (760 - 160)144 

Q = — — — =-- 370 B T u 


K 


(778) (0.3) 


(2) Calculate the ratio of the final volume of the last portion to burn to its initial 
volume . from equation 4 

Q{K - 1) p, _ Po 


and Pc == P/. Equation 8 becomes 


,, (Pf-Po)Vo , 
^ P,K + 




h 

Vo 


600 
760 X 


1 3 \760 ) 


0 608 + 0.307 = 0 915 


(3) Calculate the ratio of the final volume of the first portion to burn to its initial 
volume. When 

Pc - Po 


I' 

Vi 


Oj \760/ L 16 O.I 3 J 


307 [3 88] « 1 19 


Since this is an ideal gas and the initial temperature To was the same for all parts 
of the mixture and V 0 was likewise the same, it follows that 



RATE OF RISE OF PRESSURE IN THE OTTO CYCLE 


4d 


If To = 1150‘’R., Tfi - 6500'‘R., « 500°R. 

(4) Assuming that the last third of the charge burned were to * detonate' ^ and 
that the quantity of charge burned normally is directly proportional to the increase 
in pressure in normal combustion, the final pressure after equalization may be corn- 
puted by equation 14 or 14a derived on the assumption that the working substance 
is an ideal gas 


pi 3 

^ X 


p* 

This represents a loss of 30 lb out of 600 lb. pressure rise, or 5 per cent. 

(5) Compute the compression ratio {r^) that would cause the last third of tl 
‘harge to detonate if the compression ratio of n is just insufficient to cause incipiei 
ietonation 

From equation 4 

Q{K -- 1) - (P5 - Pi) 

For adiabatic compression 



For incipient knock 

Q{K - 1) = P, - Po(rx)^ 

From which ri may be determined by substituting the numerical values 
— (0 3) = 760 - 14 7 (n)‘-» 



r, = 6.25 

Substituting the numerical values in equation 17 

r2 = 8.3 

This corresponds to an increase in compression ratio of 33 per cent at 6.26 ratio 
to cause the last third of the charge to detonate as referred to the compression ratio 
just short of incipient detonation. 
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Chemical study of internal -combustion engines is amply justified from 
the theoretical as well as the practical point of view. Aside from their 
obvious economic importance, engines have provided a wealth of informa- 
tion regarding the nature of combustion, much of it unattainable with 
other conventional forms of laboratory equipment. In return, the inter- 
pretation of these rc'sults has been — and to a large extent still is — a complex 
problem which challenges those chemists who are interested in the general 
theory of the subject. 

Nevertheless, it seems fair to say that, until recently, there has been in 
general a lack of effective cooperation between the chemists on one hand 
and the engineers on the other, and advances in the theory of engine 
combustion have been slow. This seems to have been due largely to a 
tendency, on both sides, to oversimplify the problem. Chemists have 
made numerous laboratory experiments under conditions not remotely 
resembling those of an engine, but the results were applied, without criti- 
cism, directly to engine combustion , at the same time no detailed analysis 
has been made of the chemical facts furnished by the engine itself. On 
the other hand, engineers have been largely occupied with the practical 
development and testing of engines and fuels, with little or no direct 
investigation of the chemical theory of the subject. 

Recent years have seen considerable improvement in these respects. 
Chemical experimentation conducted directly with engines or closely 
related apparatus has given a series of facts to replace uncertain assump- 
tions; simultaneously, the development of the chain reaction theory of 
the slow oxidation and explosion of gases has provided a reasonable basis 
for the explanation of the phenomena observed. As a result, it is now 
possible to advance a general outline of the nature of engine combustion 
which is in accord with the known facts and appears to be theoretically 
sound. At the same time, a great many details remain to be filled in and 
a number of major points are still in doubt. 

It is the purpose of this paper to present, briefly, such an outline, to 
indicate some of the respects in which our knowledge is still deficient, and 
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to emphasize further the relative complexity of engine combustion. It is 
hoped that this survey will to some degree promote better appreciation 
of the problem and encourage still more effective cooperation between the 
chemists and engineers who are concerned with it We shall consider 
in our surv^ey only the Otto-cycle engine, since the Diesel engine will be 
dealt with in other papers of this symposium. No attempt will be made 
to refer to the extensive literature on the subject, either in its entirety or 
specifically. 1 Only those data and conclusions which have been instru- 
mental in establishing our present conception of the subject have been 
selected; their interpretation is the present author’s personal one, but 
appears to be in general accord with the consensus of opinion. 

NORMAL COMBUSTION 

Normal combustion in an engine comprises the spark ignition and sub- 
sequent slow inflammation of the charge, followed by equilibrium changes 
in the burned gas. Owing to the method of operation, the hydrodynamic 
and thermodynamic aspects are highly complex, but the chemistr}^ appears 
to be no more complicated than that of the similar inflammations which 
have been investigated by various laboratory methods. 

First, the air-fuel mixture, containing the slight excess of fuel required 
for development of maximum power, is mixed with more or less exhaust 
gas, compressed to over 5 atm., and ignited by the spark. The mechanism 
of this ignition is a specific problem, and has been considered in foregoing 
papers in this symposium. In the engine there appears an ignition lag, 
which may be defined as the period, following the initial spark, during 
which no reaction is detected visibly or otherwise. The lag is about 1 
millisecond or less, and does not seem to vary greatly with the fuel used. 
This subject has not been studied in any detail, and might well repay 
closer investigation. It is obvious that reactions of some kind are taking 
place during the lag, and information as to their nature might be obtained 
from correlation of lags with other combustion characteristics of the charge, 
such as normal flame speed and knocking tendency. 

The flame front then travels through the charge, accelerating rapidly 
to a speed of the order of 100 ft. per second, then slowing down near the 
end of its passage; it is highly irregular in shape, owing to turbulence. 
For the type of air-fuel mixtures used in engines, there is as yet no exact 
solution of the problem of flame speed; we can only assume that the in- 
flammation is a chain-reaction process in which the interaction between the 
chain carriers and the reactant molecules requires a considerable energy of 

* For recent selected bibliographies see the appropriate sections of Science of 
Peiroleuniy Oxford University Press (1937), Proceedings of the Second World Petroleum 
Congress y Paris, 1937, and this symposium; also references 1, 2, and 3. 
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activation, that is, the fuel molecules are relatively stable and slow to 
react. Thus, ahead of the flame front, the chains are broken until the 
resulting general temperature rise furnishes the surplus energy necessary 
for further chain extension. Then the flame velocity is a function of such 
variables as the number of chain carriers emitted, their available energy, 
and the surplus energy of activation required. These quantities, in turn, 
are dependent, in order of increasing importance, on the pressure, tem- 
perature, and composition of the unbumed gas. 

In an engine these ^ ariables are continuously changing in the gas ahead 
of the flame front, and the flame velocity might be expected to show a 
regular increase as combustion proceeds. But these effects are not noticed, 
since the true mass or transition velocity is much less than the actually 
observed space velocity, owing to the turbulence of the charge. Hence, 
in engines, the visible flame speed is determined almost wholly by engine 
speed and the corresponding turbulence. Changes in composition of the 
charge, including dilution by exhaust gas, have some effect, variations 
in charge temperature and pressure have little or no effect, and the presence 
of small amounts of antiknock compounds is not noticeable. 

Combustion of the fuel is practically complete within the narrow flame 
front; behind the flame front, as the temperature falls, shifts occur in the 
equilibria between the reaction products. The corresponding pressures 
and temperatures at different points in the burned gas have been experi- 
mentally determined, and are in accord with this mode of combustion. 
The pressure rise is smooth and noiseless; its maximum rate is of the 
order of 1000 lb. per in.^ X msec. The flame spectrum is normal, and 
shows the C — C and C — H bands. 

ABNORMAL COMBUSTION 

As the ‘^severity” of engine conditions — ^the pressure, temperature, 
and heating time of the charge—is increased, the fuel no longer remains 
entirely inactive, but instead tends to react spontaneously in one way or 
another, leading to an abnormal type of combustion. The tjnpc obtained 
depends both on the particular engine conditions and on the chemical 
nature of the fuel. We distinguish, roughly, three different types: preigni- 
tion, after-firing, and knock. 

In preignition the charge, on coming in contact with some hot spot, 
such as the exhaust valve, ignites prior to passage of the spark, and if this 
occurs early enough in the cycle, there is back-firing into the carburetor. 
Some fuels, notably benzene and methanol, tend to preignite under the 
same conditions under which other fuels tend to knock. This distinction 
is not only of practical importance but has obvious significance in the 
theory of combustion. As might be expected, the addition of antiknock 
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compounds such as tetraethyllead has but a slight effect, often detrimental, 
on the preigniting fuels; the organic antiknock compounds have not been 
tested extensively. In this connection laboratory tests of ease of ignition 
by a hot wire or the like might prove valuable; the time of heating should 
be very short. 

In after-firing the spark may be cut out and the charge continue to 
ignite by compression. It is not clear to what extent this phenomenon 
is a form of preignition or is a form of knock. It can be regarded as a 
sort of delayed preignition, but there may be some effect on adding an 
antiknock agent, depending on the type of fuel used; this might well be 
investigated in machines of the adiabatic-compression type where the 
operating variables, especially the temperature, can be better controlled. 

Knock is a form of spontaneous ignition, starting at one or more points 
in the ^^end gas^^ or unbumed charge ahead of the flame front. The 
amount of charge entering into knocking combustion may vary from an 
indistinguishably small portion to at least three-quarters of the whole; 
also, apparently, the intensity or rate of knock may vary considerably. 
The knock flame seems to sweep through the remaining unburned charge, 
with a velocity in the neighborhood of 1000 ft. per second, — a value far 
greater than that of the normal flame, but much less than would be cal- 
culated for a true detonation wave in similar air-fuel mixtures. Corre- 
spondingly, the rate of pressure rise is high, the maximum value being of 
the order of 10,000 lb. per ft.^ X msec., and the change in the rate of pres- 
sure rise is sufficiently abrupt to set up pressure waves, which induce the 
emission of sound waves from the engine. The spectral emission of the 
knocking flame resembles that of the normal flame, but it has a greater 
extent and intensity and the characteristic hydrocarbon C — C and C — H 
bands are weak or disappear. The normal flame prior to knock is in- 
distinguishable from that observed in the entire absence of knock. 

In non-knocking operation no indication is found of any extensive 
chemical change in the end gas. As conditions are changed in the direction 
to produce knock, formaldehyde appears in the end gas in increasing 
amounts, which may vary for fuels of equal knock intensity. Compounds 
of the peroxide type are also present, but the amount of oxygen consumed 
is small. Suppression of knock by addition of aniline eliminates the 
formaldehyde, but with tetraethyllead, it is stated, this effect is not ob- 
tained in the engine. Both antiknock agents suppress the formation 
of those unidentified compounds which, under conditions of incipient 
knock, give a continuous absorption in the spectrum of the end gas. 

FACTORS IN KNOCK 

By and large, any changes which increase the temperature, pressure, or 
heating time of the charge, or modify its chemical composition in the 
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direction of readier ignition, tend to promote abnormal combustion of one 
type or another. In the case of knock, any variations which would be 
expected to favor preflame oxidation of the end gas are found to promote 
knock. Because of its greater interest, subsequent remarks will be con- 
fined to the phenomenon of knock. 

The relative importance of the time, temperature, and pressure factors 
is difficult to estimate, since they are not readily susceptible of independent 
variation in an engine and the functions relating these variables to the 
occurrence of spontaneous ignition remain entirely unknown for time 
periods as short as those in an engine. Recent work on spontaneous 
ignition indicates that the pressure as well as the temperature is an im- 
portant factor, and it is to be hoped that further information will be ob- 
tained for shorter time lags. In the engine the pressure and heating time 
for the end gas can be quite accurately measured; the time is of the order 
of 1 to 10 msec. The temperature ahead of the flame has only been esti- 
mated approximately, but probably exceeds 500°C.; it will doubtless be 
desirable, later, to determine this more accurately. 

Equally important in determining the onset of knock is the chemical 
composition of the charge, including the nature of the fuel, the air-fuel 
ratio, dilution with exhaust gas, and the presence of pro- or anti-knock 
compounds. The pronounced effect of the molecular structure of the 
fuel is well known, but the explanation of this effect is still far from com- 
plete. As to air-fuel ratio and charge dilution, it is difficult to determine 
to what extent these factors have a direct, chemical influence on the 
oxidation and ignition of the end gas, and to what extent they act in- 
directly by virtue of their effects on the velocity and temperature of the 
normal flame. 

The influence of pro- and anti-knock compounds is conspicuous: as little 
as one molecule of tetraethyllead in over 200,000 molecules of hydrocarbon 
may be sufficient to give a noticeable decrease in knock. Proknock 
compounds usually either contain active oxygen or else react readily with 
air to yield it; some other compounds, such as certain bromides, are also 
effective. Antiknock agents are mostly metals or organometallic com- 
pounds, and a series of aniline derivatives. On a molecular basis the 
former are of the order of one hundred times as effective as the latter, the 
distinction being so marked as to suggest a fundamental difference in 
their modes of action. The relative and the absolute effectiveness of an 
antiknock agent may vary considerably, both for different fuels and for 
different operating conditions; for a given fuel the effectiveness is not 
directly proportional to the amount added, but tends to approach a limit- 
ing value. 

In general, the characteristics of the knocking flame, particularly its 
spectrum, are the same, regardless of which factor — increase in time-tem- 
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perature-pressure, or change in chemical composition of the fuel, or 
decrease in the amount of antiknock agent- -is responsible for its occur- 
rence, and we conclude that all these factors are concerned with the initia- 
tion rather than the propagation of the flame. 

The physical and chemical factors are often interrelated; thus the effect 
of a specific change m engine conditions is by no means necessarily the 
same for two different fuels, or for a given fuel with and without an anti- 
knock agent added. 

In addition there may be other factors, such as the effect of radiation or 
ionization from the flame front, the turbulence of the end gas, or the 
nature of the engine walls in contact with the end gas. These do not 
appear to be important; however, little is known about them, and it is 
quite possible that turbulence, in particular, may be a significant factor. 
There is as yet no particular evidence for the existence in the engine of 
surface effects of the chain-reaction type. The fact that such effects may 
be controlling factors in many slow oxidation reactions which have been 
studied by laboratory methods is no a priori reason for their importance 
in an engine, where conditions are widely different. The strictly thermal 
effect of surface, particularly of hot spots, is of course conspicuous. 

THEORY 

The foregoing facts readily suggest their own general explanation, and 
the hypothesis that knock results from a spontaneous ignition of the 
unburned charge was advanced at least thirty years ago. However, the 
lack of correlation between the knocking tendency and the spontaneous 
ignition tempieratures of different fuels, alone or with antiknock compounds 
present, casts doubt on the correctness of the hypothesis. This doubt 
disappears when the meaning of the term ^‘spontaneous ignition^^ is 
analyzed, and it is realized that relative values measured under one set of 
conditions, as in some specific laboratory method, cannot be applied to 
widely different engine conditions; any attempt to extrapolate such values 
to reach engine conditions is insecure, owing to the chain-reaction nature 
of the processes involved. 

The general theory is, then, about as follows: Before the arrival of the 
flame front, slow oxidation occurs in the end gas by a chain-reaction 
mechanism. In normal combustion the amount of such oxidation is 
slight, and the products formed have no important effect on the subsequent 
inflammation. Doubtless the rate of such oxidation is not constant and 
increases with time, but before the ignition point is reached the arrival 
of the flame completes the combustion. When the conditions are such 
that knock will occur, then the rate of oxidation is greater, probably owing 
to greater efficiency of chain extension, and it increases until the critical 
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point is reached where the coefficient of chain branching becomes unity. 
There is then a sudden very considerable increase in the concentration of 
activated partial oxidation products in the end gas. It may be that this 
reaction itself is the actual ignition, and that the completion of the com- 
bustion and the appearance of flame take place in conjunction with it, 
throughout the charge. Or, as seems more likely, it may be that the partial 
oxidation reaction merely gives a mixture which is far more inflammable 
than the original mixture. Its combustion may then be abruptly com- 
pleted, as another step, by a flame which starts from one or more favorable 
points and is able to spread at a rate far greater than normal; that is, the 
combustion may be regarded as a kind of two-stage process. Thermody- 
namically, these alternative inodes of ignition — by local action or by a 
moving flame — are practically identical, and there is no essential chemical 
distinction between them; the important point is that in either case the 
ignition is a result of a sudden change in the chemical composition of the 
gas, and not of a final critical increment in temperature alone. If we grant 
the presence of a moving flame of knock, it seems reasonable to expect this 
to start from the normal flame front, where the available energy is greatest, 
and the photographs suggest that this does occur in many cases. But it 
need not do so, since the development of the preliminary branched-chain 
reaction is probably not uniform throughout the end gas, and as a result 
that part of the gas which first attains the condition of extra-inflammability 
and ignites, may be well removed from the normal flame front. 

The occurrence of a moving flame having a velocity intermediate be- 
tween that of the normal flame and that of a detonation wave is not an 
unreasonable hypothesis. Although the inflammability of the mixture 
through which the flame of knock passes has become much greater than 
normal, there is no particular reason to suppose that it attains the degree 
of inflammability necessary for the propagation of a detonation wave. 
Such intermediate flame velocities are not usually observed in combustion 
experiments in tubes, etc., for the obvious reason that no chemical 
changes take place in the unbumed charge in those cases; however, ab- 
normal flame velocities or quasi-detonations have been observed when the 
ignition source provides a high surplus of energy. 

Any attempt to make the foregoing description of knock more specffic 
by defining the exact nature of the chain reactions involved and the 
products obtained possesses considerable uncertainty. Specific reactions 
have been proposed to describe the results obtained in slow oxidation and 
ignition of gases carried out under conventional laboratory conditions, but 
the actual chemical analysis of these reactions is far from complete. For 
the more drastic engine conditions practically no actual facts are available, 
other than the afore-mentioned presence of formaldehyde and other un- 
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identified oxygenated compounds and the disappearance of the C — C 
and C — H bands in the subsequent inflammation. Correspondingly, any 
attempt to correlate the knock resistance of specific hydrocarbons with 
the mechanism of their slow oxidation is uncertain to the same degree, and 
there is as yet no sound reason for believing that the results obtained for 
these hydrocarbons under laboratory conditions can be applied to engine 
conditions without modification. The extent, if any, to which straight- 
forward thermal decomposition of the fuel molecules influences the oxida- 
tion reactions preceding knock is unknown. It seems possible that differ- 
ences in thermal stability may account for the variation in knocking 
tendency of some structurally similar hydrocarbons which would appear to 
be of approximately equal susceptibility to attack by oxygen. Investiga- 
tions along this line are desirable. 

The action of pro- and anti-knock compounds is, of course, readily 
explainable on the basis of this theory of slow oxidation by chain reactions 
in the end gas. But here again, the specific mechanism of their action 
remains ahnost entirely unknown. The organic antiknock agents are 
presumably destroyed in the act of chain-breaking. If this can be con- 
firmed, it is possible that valuable information as to the number and 
length of the chains can be obtained from a quantitative study of the 
effects of these agents. There is a strong suggestion that the metallic 
atoms are able to break chains repeatedly, probably by virtue of alternate 
oxidation and reduction; it is reported that the absorption spectrum of the 
end gas shows atomic lead but no lead monoxide when knock is eliminated 
by the addition of tetraethyllead. 

COMPLEXITY 

The foregoing summary of the observed facts and general theory of 
engine combustion has failed to fulfil its purpose, if it has not sufficiently 
indicated the complexity of such combustion and given some indication 
of the chemical and mechanical problems which remain to be solved before 
a more detailed theory can be developed. 

Actually, in engine studies, the principal variables under direct control 
are the speedy spark timing, and jacket temperature of the engine, and the 
pressure, temperature, and composition of the charge. As regards the 
end gas, any attempt to change one variable alone inevitably causes one 
or more of the others to change also, either directly, or indirectly by affect- 
ing the speed or temperature of the normal flame. Other factors, such as 
the turbulence and the nature of the combustion chamber surfaces, cannot 
be closely controlled during the progress of a run. The effect of such 
uncontrollable factors, or of slight variations in the controlled variables, 
leads to considerable irregularity in the combustion from one explosion 
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to the next. This is clearly shown, photographically and otherwise, even 
by engines operated under rigidly specified conditions; the flame speeds 
and temperatures, for example, may vary by as much as 5 or 10 per cent. 
This complexity makes both the correlation and the analysis of results 
very difficult. 

On the other hand, laboratory experiments conducted in special equip- 
ment and under carefully controlled conditions so far have failed to come 
an3rwhere near duplicating engine conditions, and, as previously pointed 
out, the relations between the different conditions are uncertain to a high 
degree. For example, ignition temperatures may be measured in the 
conventional manner, with a time lag of one second to one hour or more, 
during which time it is supposed that a certain necessary amount of slow 
oxidation takes place, and relations may be established between the 
pressure, temperature, etc., and the time lags. But this slow oxidation 
during the time lag may itself also have an induction period (probably 
largely conditioned by the combustion chamber surfaces) of the order of, 
say, one millisecond. Then the effect of the pressure, temperature, etc., 
on this short time lag will be entirely overlooked in the laboratory experi- 
ment, but may be the paramount factor in the engine. 

An analogous case occurs in Diesel combustion, where it can be shown 
that the flame starts in the vapor envelope surrounding the fuel spray, 
after a time lag whose origin is largely chemical and is not merely the time 
of evaporation and heating of the vapor. The dependence of this time 
lag on the pressure and temperature is by no means a linear or simple 
function. 

An even worse situation arises when we have the possibility of simultane- 
ous reactions, with different pressure or temperature coefficients, and this 
probably is the case in the slow oxidation of the higher hydrocarbons. A 
further complication is that under certain conditions such reactions have a 
negative temperature coefficient over a certain temperature range. To 
what extent this effect applies under engine conditions is uncertain, but 
there is evidence that under some conditions an increase in temperature 
may reduce the possibility of knock, while increasing that of after-firing. 

Examples 

The result of this engine complexity is well illustrated by the ambiguity 
which arises in determination of th'' absolute or relative knock ratings of 
different fuels or pure hydrocarbons. An example of the magnitude of the 
variations which can be obtained for two pure structurally similar hydro- 
carbons is furnished by the following data from the recent results of S. D. 
Heron and F. Gillig of this Laboratory (1). The data give the effects of 
engine speed and jacket temperature on the raiio of the maximum power 
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output obtained from diisobutylene to that from isooctane (2,2,4-tri- 
methylpentane), when nm in a supercharged test engine, with the inlet 
pressure increased until the fuel fails by giving abnormal combustion. 
At 900 R.p.M. this power ratio falls from 1.64 at a jacket temperature of 
212°F. to 1.01 at 350®r ; at 1800 r.p.m. the corresponding ratios are 0.90 
and 0.82. Thus these moderate changes in engine conditions can effect 
a twofold change in the ratio of the power outputs. Many other 
similar examples are available, but have received little or no attention 
from the chemical point of view. 

On the other hand, as is well known, chemical information of a com- 
parative nature, which is relatively free from the effects of changing engine 
conditions, is provided by the ratings of fuels of different structures and 
by their response to antiknock compounds. Such results need not be 
confined to hydrocarbons of the gasoline type, but may be extended to 
other compounds, with possible added significance for combustion theory. 
An example is furnished, through the courtesy of S. D. Heron and F. Gillig, 
by their unpublished results for a series of propyl derivatives tested as 
above, at 900 r.p.m. and 212°F., alone or with 3 cc. of tetraethyllead per 
U. S. gallon. The respective power output ratios, relative in each case 
to unleaded isooctane, are as follows: n-propyl alcohol, 1.29 and 1.23; 
isopropyl alcohol, 1 54 and 1.56; 91 per cent isopropyl alcohol, 1.63 and 
1.64; propylene oxide, 0.82 and 0.88; acetone, 1.72 and 1.78; diisopropyl 
ether, 0.92 and 1.05. The marked lead response of the ether, and the 
shght response, if any, of the other substances appears chemically sig- 
nificant. 

This brief survey shows what type of knowledge has so far been obtained 
regarding the mechanism of combustion in an engine. It also indicates 
how the complexity of the problem accounts for the scantiness of definite 
information. Decided inroads are being made by the groups of investi- 
gators attacking the problem from various angles. Their realization of 
the difficulties encountered and of the necessary slowness of progress, 
coupled with their caution in drawing conclusions after each advance is 
made, bids fair for definite achievements and possibly for an ultimate 
solution of this extremely delicate and important chemical problem. 
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INTRODUCTION 

The Diesel engine is characterized by injection of fuel in the combustion 
chamber and by self -ignition. Both characteristics give rise to typical 
problems. The former characteristic, i.e., injection of the fuel with 
subsequent formation of a combustible mixture, is the fundamental one. 

This mixture formation immediately preceding combustion and con- 
tinuing during combustion introduces the element of heterogeneity of the 
mixture to an extent unknown in gasoline engines. As a matter of fact, 
one is faced in the Diesel engine with mixture elements varying from pure 
liquid globulae and deposits to fuel vapors and pure air, the condition of 
this heterogeneous complex changing with tremendous rapidity, owing to 
agitation, evaporation, and combustion. As a result, conditions are 
always elusive; for instance, the strength of the mixture and the tempera- 
ture of the flame vary continually throughout the charge. 

This heterogeneity has its advantage, for it allows one to vary the load 
down to zero solely by regulating thf* fuel input, which is the cause of the 
excellent economy of the Diesel engine under varying load. That, how- 
ever, is the only advantage. Most drawbacks of the Diesel engine do 
come from this very heterogeneity of the charge, the most obvious one 
being the impossibility of burning efficiently a quantity of fuel corre- 
sponding to the full amount of oxygen available in the cylinder, so that 
the power output stays behind that of an efficient gasoline engine. A 
second drawback, but in practice often the more important one, is the 
great tendency of the Diesel engine towards incomplete combustion, 
causing internal troubles as well as dirty and foul-smelling exhaust gases. 

Figure 1 represents schematically the charge in a Diesel engine at a 
phase of its combustion process. Figure 2 represents schematically and 
comparably the charge in a gasoline engine; the difference in simplicity of 
conditions as compared with figure 1 is obvious. 

This heterogeneity may be put forward as an excuse for the still existing 
lack of precise knowiedge concerning the Diesel process, now that the 
Diesel engine has reached its fortieth anniversary. Whereas today the 
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knowledge of the combustion process of the gasoline engine has developed 
to a point where quantitative results of general validity can be foretold, 
that of the Diesel engine allows only an acceptable qualitative analysis. 
For the first two decades the process of the Diesel engine w’as only a con- 
fused picture, in which chemical and physical considerations, ignition and 
combustion phenomena, space and time were all mixed up. A. Riedler (3) 
was one of the first to try to disentangle the various elements of the prob- 
lem. He suggested the following picture of the stages of the combustion 
process: (1) introduction of the fuel, (^) atomization, (3) evaporation, 
(4) mixture formation, (5) decomposition, and (3) combustion. It is in- 



Fig. 1. Diesel engine combustion process schematized 



Fig. 2. Gasoline engine combustion process schematized 

teresting to note that these stages, which Riedler visualized as being sub- 
sequent in time, actually do exist but overlap each other considerably. 

Before starting to analyze the Diesel process, the authors wish to make 
two statements: first, that for many reasons (e.g., difficulties due to the 
heterogeneity mentioned before) the insight available today concerning the 
Diesel process is due more to mechanical and physical than to chemical 
research. In this respect it may be useful to state that the authors, as 
mechanical engineers, have had the full collaboration of physical and 
chemical scientists; they admit, however, that it is possible that they have 
stressed the mechanical aspect of the problem rather much. Second, that 
they intend to give in this exposition only their personal views on the 
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Sprc'adin^ ol the lucl vapors, as they are lormc'd, into th(' waike of tlie 
droph'ts Is (‘fleeted liy nuhseriminati' tnrbiiU'nee prodiu'cd liy the progn'ss 
ol tlu' dro]>l('ts tlirou^h the an, and turtlu'rmon' lyy dihusion Thouf^h 
^ ('ry litth' IS knowm about this spri'adin^, it sei'ins that tlu* riaieli of diffusion 
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is small, but that its function must be important for the final molecular 
mixing. 

In the early stages of the solid-injection engine, it had been found that 
the microstructure, however important, was not the biggest problem; 
experiments with extremely fine atomization led to disappointment. The 
cause of this disappointment was not clear at first, since the success of the 
air-injection engine had been attributed precisely to its finer atomization. 
As we will see further on, it was not so much the finer atomization, but the 
very efficient distribution (macrostructure) in the air-injection engine that 
caused this success. Now, with solid-injection engines, the finer the 
atomization, the more difficult it is to get good distribution. 

Here we come to the important point of the macrostructure. The 
macrostructure is performed by injecting the fuel, in one or more sprays, 
into the air; this results in a structure as shown in figure 1, with great 
agglomerations of fuel here and pure air there. In order to get quickly a 
good, that is homogeneous, macrostructure, the relative motion between 
the heterogeneous portions of the charge must be increased, which explains 
the importance of turbulence. Turbulence, having done its part for the 
formation of a homogeneous macrostructure, turns over the job to diffusion 
again for final microstructure formation. 

There exists a great diversity in the ways in which turbulence is applied 
in practice, for its type, energy, and origin may be vastly different; this 
diversity corresponds to the large variety of combustion chamber designs 
on the market. 

The various types of air movement in combustion chambers are mainly: 
(a) indiscriminate turbulence, i.e., disorderly eddies with relatively small 
radii of gyration, which gradually dispense the clouds rich in fuel vapor; 
and (6) air swirl, i.e., orderly movement of the air in large orbits throughout 
the combustion chamber. This swirl may have two functions: the first 
one to ^^scrub^^ or ^Vinnow” the fuel jets that are sprayed through the 
moving air, thus removing the vapors and finer drops; the second one, to 
act as stated above, viz., to carry parts of the charge bodily through the 
chamber and let indiscriminate turbulence, evaporation, diffusion, etc., 
finish the work in some other part. The varieties and combinations of 
these main types are almost endless. 

Air swirls are applied, showing speeds varying from case to case, between 
virtually zero and a hundred or more meters per second, illustrating the 
range of appreciation that these swirls enjoy among designers. There are 
good reasons for this difference of appreciation: however useful the swirl 
may be to attain a good macromixture, at the same time it increases the 
heat transfer to the cylinder walls, and thereby the heat losses; further- 
more, too fast a swirl may throw (or centrifuge) fuel out onto the walls. 
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thus overshooting the target. Some designers, therefore, prefer to aim at 
good distribution by injection only, sometimes applying a swirl only as 
strictly required to correct insufficient distribution by the vspray. They 
try to fit the combustion chamber around the (often only alleged) shapes 
of one or more sprays (cf. figure 4), but since distribution is so heterogene- 
ous in a spray, they have to allow for a relatively large excess of air. 
Although the power output is thereby restricted, the reduced heat losses 
may ensure a higher efficiency; thermal stress conditions of engine parts 
(cylinders, cover, piston) may be excellent. Of course, injection should 
function excellently for this design. 



Fig 4. Combustion chamber adapted to external shape of sprays 
Fig 5. Induced air movement; four-stroke and two-stroke 


Other designers, though, with the idea of simplifying the functions of 
the injection equipment, prefer to aim at distribution by the air movement 
only; this solution may result in a somewhat greater reliability, a higher 
output, and, generally speaking, a better speed flexibility, but it involves 
a somewhat lower efficiency and a somewhat greater heat stress. 

All kinds of compromises between these extremes exist, and usually the 
respective advocates of each system are most emphatic in their claims. 

According to their origin, one may distinguish between induced and 
forced air movement. Induced air movement is such movement as is 
caused by the entry of the air in the cylinder. This will always produce 
indiscriminate turbulence, but by means of special valves or ports orderly 
swirl may also be set up (see figure 5). Forced air movement is such 
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movement as is caused by the transit of the air from the cylinder to the 
combustion chamber during compression. This may also be indiscriminate 
turbulence and/or swirl (cf. figure 6) Combination of both induced and 
forced air movement also exists (see figure 7). Finally, movement of com- 
bustion gases may be caused by the combustion itself. 

The allowable velocities of induced air movement are restricted, as too 
high velocities would hamper the breathing of the engine; that of forced 
air movement is limited on account of pumping losses, yet forced air 
movement may be, without objection, much more intense than induced 
air movement. The use of either movement is limited on account of heat 
loss and of ^ ^fuel-throwing^ ^ (“out-rentrifuging"’). 

Movement of combustion gases as mentioned may be ensured in par- 
ticular by starting combustion in a separate chamber, such as a pre- 
combustion chamber (cf. figure 8); the combustion in the prechamber 



Fig 6 Forced air movement; turbulence and swirl 


causes an increase in pressure by which the gases are blown into the main 
chamber. Again, the design of the arrangement may be such that cither 
indiscriminate turbulence or orderly swirl is predominant. This com- 
bustion gas movement, though very efficient in many instances, is under 
less direct control than the two first-mentioned air movements, which 
depend wholly on the design, whereas the combustion gas movement 
depends also on the behavior of the primary combustion. Here it is the 
experimental work on the test bench that carries the burden of finishing 
the design, but it may result in a construction which performs as satis- 
factorily as that of the air movement type. 

The winnowing action of air movement on a spray depends inter alia 
on the structure of the spray and its rate of evaporation. The spray 
usually consists of a core of rapidly travelling “chunks'" of oil which are 
gradually stripped down to fine drops, and of a mantle consisting of drops 
so fine as to hav(^ lost their velocity. The degree and rate of atomization 
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of the fuel influence the penetration and dispersion of a spray; the finer the 
droplets, the greater relatively the resistance of the air, that is, the shorter 
the penetration, but the greater the dispersion will be. Intense atomiza- 
tion makes the spray blunt or “soft,’’ and makes it more susceptible to 
winnowing. 

Low viscosity of the fuel as well as strong evaporation softens the spray 
and increases the amount of fuel removed by winnowing. The moment of 
ignition is therefore of great importance, since at that moment the rate of 
evaporation changes, as we have seen before, affecting spray softness. 
Therefore special study on the behavior of unignited fuel sprays will not 
give quantitative results that apply to real engine operating conditions; 
this of course greatly complicates research and development work. 

Besides these considerations there remains the question of Ii(iuid fuel 
being deposited on the walls, either directly by the jet or by the fuel being 




Fig. 7 Combination of induced and forced air movement 
Fig. 8 . Precombuetion chamber principle 

centrifuged out by air movement. These deposits are a typical imper- 
fection of both micro- and macro-structures. For their combustion they 
have to be evaporated and then distributed by air movement. In the 
authors’ opinion the liquid deposits form one of the biggest difficulties 
that have to be overcome in controlling the Diesel process; this difficulty 
is greatest either when using low-volatility fuels such as residual fuels or 
with small engines (on account of the small free space for the sprays). A 
carefully established balance between air movement, combustion gas 
movement, and wall temperature is necessary to get rid of these deposits. 
In general, high wall temperatures are extremely useful. In some cases 
where the air movement is small, it may happen that evaporation is too 
rapid for the amount of air passing over the spot, resulting in local over- 
richness. Usually, a large portion of the piston crown forms part of the 
combustion chamber wall, and so presents a relatively high temperature 
(up to 600°C.) right at the most important spots where the fuels jets 
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strike. If it be required to maintain such a high temperature in small 
engines, one has to resort to heat-insulated linings for the combustion 
chamber. In the absence of these hot walls, specially adapted fuels — 
without low volatility fractions — would have to be used, particularly in 
view of good combustion at part loads. 

B. Self-ignition 

If ^‘ignition” in the technical sense may be described as ^^causing flame 
combustion,^' then “self-ignition" is the process of chemical reactions in 
the fuel-air mixture leading to flame combustion. 

In the authors’ opinion the best representation of the self-ignition 
process in the Diesel engine is as given in a previous paper (1) from which 
figure 9 is here reproduced. The fuel, whilst being injected and atomized, 
absorbs heat from the air and evaporates rapidly. The vapors, almost 



I start or INJtCTION flML 

Fig. 9. Temperature during ignition 


instantaneously attaining the temperature of the surrounding air (which 
locally may drop appreciably owing to this abstraction of heat, but is still 
of the order of 500° to 800°C.), enter into chemical reactions with the air, 
thus leading to locally increased temperatures; finally, in one or more spots 
where the conditions are most favorable, flame conditions will be reached. 
From these spots or flame nuclei the flame may spread with great rapidity. 
Of course a number of flame nuclei may have been born without growing to 
ripeness; these would-be nuclei are overtaken by the one or two more suc- 
cessful ones which will start the inflammation. 

The evaporation effect has been shown by the afore-mentioned photo- 
graphs of Rothrock and Waldron (4). Later experiments by Selden and 
Spencer (5) have shown the pressure drop due to the abstraction of heat. 
Large-scale pressure diagrams taken on Diesel engines may also show this 
pressure drop, but it is soon, often even immediately, overcome by the 
pressure rise due to the preflame reactions (cf. figure 10). 
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The time which elapses between the beginning of fuel injection and the 
reaching of flame conditions (or, as others have it, the beginning of rapid 
pressure rise) represents the ignition delay, which the authors have sub- 
divided into (i) ^^j)hysical delay,” this being the period of the development 
of enough fuel vapor (endothermal part) to initiate the next period, and 
(^) the ^^chemical delay,” this being the peiiod required by the preflame 
reactions in order to reach flame conditions (exothermal part). Tlic 
physical and the chemical delays cannot, of course, be entirely separated 
as to time, since considerable overlappmg occurs. Still, physical and 
chemical delays must be, principally, considered as two separate phe- 
nomena; fuels of very low volatility show much longer total delays than 
could possibly be explained from their chemical character alone. For fuels 
of normal volatility the physical delay may be very small, probably be- 
tween 5 and 10 per cent of the total delay; with residual i)etroleum fuels 
and also with some vegetable oils, it may amount to some 50 per cent of 
the total delay, the latter beixig thereby almost doubled. 



Fia. 10 Pressure drop during first part of delay. Vertical line = beginning 

of injection 

It has been asked just what constitutes the most favorable conditions 
that lead to the formation of a flame nucleus. The answer is that one can 
only guess. Some experiments on self-ignition of vapor-air mixtures, 
by Peletier and Van Hoogstraten in the laboratory Avith which the authors 
are aflSliated, are very interesting. For a C. F. R. gasoline engine that 
was being motored -with the ignition cut off "-the investigators found 
that the lowest compression ratio wiiich would cause a vaporized mixture 
to ignite by compression alone occurred with a mixture strength of 150 
per cent of the theoretical value, and they found a similar value to hold for 
many fuels. This may be an indication that the flame nuclei in the Diesel 
engine are the spots where vapor-air mixtures of about such a composition 
exist ; it may be assumed that fuel drops do not count in this respect. 

During the same experiments (without sparks!) the heat development by 
preflame reactions could be clearly observed from indicator diagrams 
taken at a compression ratio just below the critical point (see figure 11); 
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this lioal ( 1 (‘\ (‘lo])ni(‘nl by jiivflaiiu' ri'action.s was also jiroviai liy tho tart 
tliat tli(‘ tonpa' naiuirrd for motoniiji: th(‘ (mi^iik' would then tall off to 
iK'arly z(‘io TIk' iiIkmioiikmiou was a(*e<uu])ain(‘d by luniiiu‘seeii(*(' and 
an (‘xtreni(‘ly aend siucdl \j)j)roaelnnf; th(' entieal point of s(‘lt-ignition, 
inflannnation followed giadually Most ])robably this is wdiat oeeurs 
lo(*allv and on a sinalka seal(‘ in tiie Diesel ('nj^jinc^ in said wainld-be nuelei 
Ha\ 111^2; tri(‘d to f2;iasj) as fai as |)ossibl(‘ tin* eharaetei of a flanu' iniehais, 
tlie turtluM (iiK'stioii that uses is What is its size‘^ Jx't us assume tliat a 
eertam mixtun* stnai^th do(\s eonstitute th(‘ most favorable^ eonditions lor 
the loimatioii ol flaiiH^ mieha Novv_, miiiuti^ n'^ions sliow 111^2; this very 
mixture stnai^th must ikmxIs (^xist. around e\ ery fuel dro])let, sinee its 



Fk, 11 laosMiK' (lt>\('lopf(l hy l(•{l(*tl()ns VtM ticiil li ii(‘ = top (](‘a(l ceiitci 

position of piston 


atmosph('re eontams all graduations from pui(‘ tiu'l \'a])or dowai to jiuii' air 
It th(‘se minute rej2,ions ot most favorable mixture str(‘nj2,th, or any singh' 
on(‘ of tluan, w(‘i(‘ eapabh' of aetiiift as eiaitiTs wlnaua' flaim' spn^ads with 
^2:reat lajnditv, then ignition delay would Ix' (aitiK'ly ind('i)(‘ndent of iiijia*- 
tion (‘hara(‘t eristics, tnibul(‘uc(‘, (*tc , but it is not "rh(‘ ]i(‘at losses of 
such minute n^^ioiis may b(' so j2;r(‘at that it is imiiossibh* foi* tla'in to H^ach 
dame t('mp(‘rat un* 111 so small a spaei* ()n(‘ is Uh\ to "oneeive ot larjiiei 
and strong(‘r miel(‘i, (diaractei iz(‘d by a f2;(‘n(‘ration of h('at that surpasses 
th(‘ h('at losses to their neighborhood Hie cnaition of thes(‘ circumstances, 
1 e , nucha sufficiently ])ot(*nt with resjxrt to tlaar surroundm2;s, depends 
on many conditu? is, such as j(‘a(‘tion v(‘locity, t (‘injxaatun', and turbn- 
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l(‘iire Till l)iil(‘ii<*(‘ 111 paitiruliir may jiiHikmi*!' th(‘ i^^mtion drlay, thi^ 
mfliKau'c has Ixvai tlu' ol many (Ilscusmcbis aiul a i(‘\\ wokK about 

il may In* oi ml(‘i(‘s| 

Turbuli'Jico ('uliamo'- mi\m^ and heat t»‘ansi(‘T dli(\s(' combmfMl m- 
fln(‘n((\s afiiM'l llio ignition {)io(*(‘.ss m A\ays fust ol all, lh(\v mav 

,sliort(*n th(' (h'lav, oa\ ma ('ithoi to an inci(‘as(‘ ol tli(‘ latr of h(‘atm^ of (ho 
(lioplots, thus shoitrmnu, I physical d(‘lay, f>r to th(’ com])cnsatn)n ol a 
localI\ too lai^o licat abst i‘a<‘tion liom th(‘ an, thn.s shoi'tf'nm^ the (‘h(Mmcal 


FLAMeiEMP 



1m<. ]J Nia‘l(‘u> loiinatioii in qun^'crnt aint ni liiihiilt'nt an s( lininat i/(m1 



Fi(. Pi l)ia)ki;rain of coiubiistiou st.aitinj!; fioiu a sruall niicltMis (modin.ito 
t in hulciicc) Vortical hue ~ top (load ccaitor position of jiiston 

delay Tlu‘r(*lon‘, m its first asp(‘ct, tuibnUaici' aids Ixaiidicially on the 
d(day In its second aspect, howeyiT, tli(‘ combimal infltuaici's of turbu- 
len(‘(‘ tend to hai^tluai the delay as soon as the local mixtiii(‘ temixTat tin's 
(‘\c(*(‘d the t(‘ni})eiatui{‘ ol the siiriotiiidinjis tin* jz;j(‘ater lu'at transfer tends 
to cool th(' \vould-])(‘ nu('l(*i The mixing inlliH'iu'e, monaiym*, tcaids to 
decreasi* tlie local xajior air ratio, which at first has no eltei't at all, as 
long as then' still leniain regions yi'iy iich in \aj)oi , but as soon as these 
liave ])e(‘n dispi'tscd, the mixture lieconu's diluted below th(‘ composition 
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most 1a\oral>l(‘ lor s(‘lf-iji,mtioii Tims with stroii^i, tu]l)\]l(‘iK*(‘ both th(‘ 
iiKT(‘astMl traiisb'i from tla' im(‘lf‘i and tins dilution of ri'j^ions rich in 
Aa])or may l<‘ad to mcicasial (hdays SclH'niati(‘ally thcsi' favorable and 
unfa\oiabl(‘ infliaaici's may b(‘ illustiatcd by fif^urc 12 Under favorabk* 
mflu(‘nc(\s a nuchnis may bi“, so to s])eak, of the siz(‘ of a nnu'e pinhead, 



Fi(^ 14 Diaiiiam of combustion staiting fiom a bi^ nucleus (liiRl) tinbulence), 

reading: fioin ii^ht to left 

BLAST AIR PRESSURE 60 ATM 

BLAST AIR PRESSURE tiS ATM 



the pH'ssuK* diag^iam ^^lll d(‘\iat(‘ only vm’v httl(‘ jiom a straij’ht eom- 
])i(‘ssion diafj^ram, uji to the moiiHait A\}K‘r(‘ ]>n‘ssur(‘ Ix^^'iiis to rise rajhdly 
(ei tig^iin* 13), owing to eombnstion, nnd(a iinlavorabh* intluimces there 
may b(‘ forimal a imcleiis of much largei dinuaisions (cf. hgure 12), a 
gradual (‘xtia jm ssun' rise of se\ (Tal atmos])h<‘i(\s may ha\ (' becai produced 




74 


(, I) H()1'KLA<JL VND .1 I BKOK/K 


hy r loii^ in n lai^c* jioitioii of thf* hcion', finally, coin- 

laislioii piori'cds rajiidlv (cl fij»ni(‘ 14) (44i(' two diaKiain^ shown on 

fi^nri's Id and 14 ai('tak«n on a low -tni hiihaicc and a Injih-tnihnhaici' ty|H 
ol (ai^nic, i(*s])(*(‘ti\ ('i\ ) 44i(‘ lollownij» (‘\])ci niHads on an an-nij(*ct ion 

<‘noin(> a))})(‘af 1o >liow hotli l.iA'orafilc and nniavoi ahh' ndlncnc("' ol 
I in l)idcii(‘(' ffi^iin lay low blast an pn'ssiin^ (45 atm ) ^nni*’ low tnibii- 



I'K. l(> aiiiN sliowiii^: <l<M*o‘asc in (“oiiibiistion v(4o(il\ w itli dian ('aMii^ Inad 

111 an -1 nj( clioii (*ii^j!;ine ( 1 , 2 , d) and liiKh ( oinbiistion vidocit.ics in M)hd-in )(‘(*t ion 
cn^UK' ( 1 5, ()) 44i(‘ slioi t \ Cl t ical lin(‘s show I h(‘ hi'gi lining of in ji'ction 

l(‘iH‘(‘, and hinh(‘i blast an i)i(‘ssiir(‘ (fiO atm ) f»,i\in^ hij>;lK‘i tnilnilimci' 
For c(d(‘nc nnmlxas fiom ()0 to 42, tin* iii^lu'r tuibiihmco ^iv(‘s shortin' 
didav^ than the lowci tnrbiilimcc; bidwiam 42 and dO, how iw (‘r, the ni- 
tincnc(‘ i'- just till' 1 (Win sc (44ic cross-hatched area m thi' fij^ure is due 
to unstable ignition conditions ) 

Attei having shown the infiuinice of turbulence in disjiersin*; ie2;ion^ 
rich in iuel \ apoi and the ])ossible I'ffi'cts theiefrom on ignition delay, W'e 
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nIuiII how hiK'fly discuss souk^ luith(‘i effects on tlu' ral(‘ of huriiiujyi, 
Fillin' 16 sliows how turhuliUKa' affecls, through th(‘ rat(‘ ot liiiniing, tli(‘ 
slia]K' of tlie ])r(^^s^|l(' diagniin of a givcai engine (\\ln(*h was eqnipjied foi 
eitlu'i an inj(‘(‘tion oj solid inj(a‘lH)H) for different loads, that is, for diffia’tait 
hn^l an latios It will 1)(‘ sihmi tliat wlaai using air nijeidion th(‘ rate of 
huining dioj)s a|)j)i(‘(‘Uil)ly w ith th(‘ load, w Inch is diu' to incri'asing l(‘anness 
of th(‘ nn\tnr(‘ Wlaai using solid inji'ction, on thi^ otln'r hand, and for 
about tli(‘ saini' di'lay \ aln(‘s, th(‘ iat(‘ of hnrniiig is better nianitained winai 
th(‘ load IS deci(\as('d, which is dne to (h(‘ more* locahzial fni‘l distnliution 
(hiough th(‘ charg(‘ Of course, ni th(‘ sohd-inj(‘ction (aigine also th(‘ rati* 
of binning may (‘^’entnally b(‘coin(* insnffi(*ient, ov\nig to the d(‘lay b(‘- 
( oining {'xtn‘mely long, as shown in fignn* 17 Oiu' innsf in mind the 



lie 17 Effect of e\ticinclv loiiR 'l(‘iav in solid-injiH tion cnsnie 


hypol h(*tical chai:ict(*i of fla* abov(*-m(‘ntion(‘d considerations, the ways 
and m(‘ans of diiei't obs(‘ia at ion, which would givi* Ix'tti'r e\ idimciy fail at 
])ies(‘n» 

Such is also th(‘ case when i( com(*s to an invc'stigatioii of the clu'nncal 
sid( ol ignition Fla* ignition pioc(*ss is short (0 001 to 0 005 s(‘c ), and as 
most ch(*nncal liyj)othes(‘s liavi* be(‘n d(‘rived from (‘xp(‘nm(‘nts madi* undei 
conditions (Mitirely different from tin* actual ])ioc(‘ss, ii ahvays has to lx* 
])io\cd o\('r again that the (*onclusions hold gixxl ddie thr(‘e mam liy- 
pot]i('s(‘s an* th(‘ iollowing (/) fn(*l mol(*cul(‘s combiiH* with oxygen diri'ctly 
(oxidation theory b (^) fuel mol(‘cules form nnstabh* ])(*roxides which 
di'composi* exolh ‘rmally (jK'roxidi* theory), { 3 ) fuel molecules tend to 
Clack and Ix'conn* theri'by abnormally sensiTui* to oxyg(*n, or they do 
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Cotnbuistion 

111 ])nncii)l(‘, loin (‘onihiislioii stages may he disliiiguisliecl, as seen from 
figur(‘ 18, which ,^ho\\>, hy iiK'ans ol a seluaiiatu* jjressure diagram, the 
following comhiishon stag(‘s (/) delay, u) inflammation of 11 k‘ liiel pn'sent 
at that inonK'iit , (d) inji'ction-controlhal eoinlnistioii, burning of fuel 
inj(‘ct(‘d intotlK' flanH',and (4) aft(‘i-l)iirmiig ot all th(‘ fiu^l that has not yet 
found its oxyg(‘n or of whicli th(‘ burning rate had lieiai too low (weak 
mixtuK', chilling) 

( 'onipaiison with tlu' uh'al diagram, also given in figur<‘ 18, wdier(‘ every 
bit of liu'l would b(‘ biiriu'd muu(Mliat(‘!y as it e'nt(U\s the condiustion 
chambci, nwi'aK that th(‘r(‘ ari' mainly two indi^pianhait cansi's for (‘om- 
bu^tlon lagging bi'hind naiu(‘ty, the d(*lay and th(' atter-burnmg, the 
loiiiKM ixang caused through deficKuicy of ri'action vidocity, th(' latter 
inainlv tluough (Udicuaicy ol mixing >V11 xariations on thf^ seluanatic 
diagram aie nud with in piactici 



t'i(. 1H Actual and ideal picssuic diagiancs 

D Physiral and chctnicnl aapcctn of cojnhu.stwn 
1 Physical asp(‘cts 

The ])urpos(‘ ol combustion m tin' (uigiin* is tin' deyi'lopnn'iit ol ])iessnre, 
and th(' (*haract(‘ristics of the jiressure diagram form the principal physical 
as])ect oi combustion. dVo requirements should be taken into account ' 
(/) Th(' d('V('lo|)nn'nt of jin'ssure should occur as near the top dead center 
position of the piston as jiossible, having due ri'gard to a reasonable maxi- 
mum ])r('ssur(' (i) Tlu' shape of the combustion pressure curve should be 

as smooth as possible, so as not to cause vibrations of the engine parts 
(‘d)ies(‘l knock”) Tlu' control of the develofiment of pressure would be 
('iitiri'ly in the hands of tin' designer if the ideal diagram of figun' 18 could 
be i(‘ahz('d, tin' maximum iin'ssuri' being (‘ontrolh'd liy suitable timing of 
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the injection A(‘tiuil]y this is still the method of controlling the maxi- 
mum jiressure, but as the course of combustion depends inter aha on the 
type ol fuel (viscosity, ignition quality, volatility) the maximum pressure 
may also vary with the fuel used, e g., to the extemt of one to five at- 
mosph(‘res 

In order to develop the pressure as near as possible to the top dead 
('(‘liter, after-burning must be n'duced to a minimum. It may be said 
that AAlierever fuel and air hav(' been mixed m a proper ratio so that a 
Ingh flame temperatun* is reac'hed, th(^ ri'action velocity is high enough to 
satisfy the requirenuaits as to restriction of after-burning for the highest 
(‘iigine sjx'eds. Tlie causes ot after-burning, which have been mentioned 
al)()\ (', may b(‘ summ(‘d uj) as follows 

(7) Inefficient mixing y in particular ovei richne}<f< of parts of the charge 
Tins tends of course to becoiiu' the worse the greati'r the (luantity of fuel, 
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Ft(i 10 Diagram slu)\Mng inmcaHpd aft(^r-l)uriiing witli nic*i(aised load (DickhCT) 
Fi(.. 20 Typical fuel coiiHiimption cuives 

but it (l(‘p(‘nds fundamentally on (‘iigiiie design The influence of fuel 
quantity (load, braki' mean effective pressure) is seen in figure 19, showing 
hoAv combustion becomes more and more prolonged with greater loads. 
('onse([uently, tlu‘ specific fuel consumption increases with the load. This 
IS chairly shown by curves of fuel consum])tion })(‘r indicated horsepowTi- 
hour, i e , ])er unit of work done in tlie cylinder. (The consumption per 
brak(' liorscqAower-hour increases also for lowTr loads, but this is due to the 
decK'asing mechanical efficien<*y (cf figure 20) and not so much to after- 
])urmng ) 

(;2) I)(‘ posits of liquid fuel on the walls of the combustion chamber. This 
phenomenon is illustrated V(‘ry well in figure 21, showdng a photograph 
from N A (\ A report No 545 by Kothrock and Waldron (4). At the 
spots where the fuel jets strike the walls, flames are s(‘en to linger after the 
main combustion is finished This hapix'iied espeiaally in the low load 






Fig 21 Photographs sho\Mng aftpi-burning due to fuel deposits tm combustion chambei ssaHs at aiT-fiiel ratio })et^\een 0 
and 25 7 (X A C A ). 



COMBUSTION PKO(’ESS IN THE DIESEL ENGINE 


81 


zone (air-fuel ratio 25.7 to 94) . Tender higher loads the phenorneuon Ix'eame 
less (dear, since then there' were more causes provoking after-burning; with 
I'xtremely small fuel quantities the sprays did not reach far enough to 
touch the walls. In practu'e, similar zones of joint load condition and 
altei-hurniiig due to fuel deposits may exist; it depends on numerous cir- 
cumstances whether the trouble' will be bad at all and if so, at which leiad. 
It usually will be more firemenine'ed at the lower enel of the load range', ow- 
ing to poorer heat e'emditions and to longer eledays, and especially owing to 
the le)w rate of evaporatiein It is, however, certain that with heavy resid- 
ual fuels it persists often eiver the entire load range and results then in a 
higher overall fuel consumption and a lower maximum power. 

(-?) Long delays during which t/ic fuel inixture has become lean throughout^ 
Ksidting in low flame temperatures (cl. figure 17) 
hiirtli('r there are still a few clu'imcal causes. 

(J) Dissociation of the flame gases, especially at high loads, reducing the 
men imuni flame temperature The degrei' to which this phenomenon par- 
tici])ates in causing after-) iiirmng may Im' estimated as small in comparison 
^Mth the phenomena ment ioned above 

(J) Chilling of the flame near cool walls This will mostly accompany 
tli(' second and third causes mentioned and would piobably be quantita- 
tiv('ly iar less serious, but foi the secondary phenomenon, that of leaving 
liartially burnt prodiuds, whudi may accuniiilati' in the engine 

Of course, on first mspi'idion of an engine and of its diagrams, it is not 
obvious which caus<‘ of after-buriimg prevails Olten ex]ieiTments with 
tiK'ls of different ty[)es may throw more light on the matter 

From the foregoing it is ('vident that a fuel of low viscosity, high vola- 
tility, and high ignition (piality will ignite easily but will tend to form 
localized overrich mixtures High visi'osity, low volatility, and low 
ignition quality will, on tlu' otlu'r hand, caiisi' a fiu'l to aggiavate wall 
(h'posits and to form w ell-distnbut('d mixtures, wlmdi may, owing to this 
good distribution, become too wTak for rajiid burning ddie effect of a 
change of fuel on tlie efficK'iu'y of combustion may thus giv(' some indica- 
tion as to the most obvious cause for afti'i-biirning Quite often, though, 
th(‘ various causes are so mci'ly balanced that the change of fiK'l has little 
('ffe(‘t , this does not mqily at all that the engine is ])erfect. An analysis 
of the composition of the partially burnt jiroducts may then be useful. 

Th(' shape of the pn'ssiire diagram is evidently greatly influenced by the 
delay. The delay, followed by the sur^sequent inflammation, tends to give 
lise to one or two kinks in the pressure rise, where the rat(‘ of the pressure 
rise may change so abruptly as to cause vibration (audible as Diesel 
knock) and increast'd stresses m engine parts. In a given engine the knock 
will usually increase wuth the delay, then decrease again (cf. figure 22). 
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The increase is due to the increase of the fuel quantities liable to explode 
with the delay and to the steadily improving distribution of the mixture; 
the decrease is due partly to the final weakening of the mixture which 
always occurs, and partly to the rapidly increasing volume of the com- 
bustion space. The state of turbulence during the inflammation period 
appears to have much to do with the rate of pressure rise, but whether this 
is due to improved mixing or to more rapid flame propagation cannot be 
made out. What the rate of pressure rise will be for a certain delay 
depends entirely on engine type, load, and speed (cf. figure 16). Thus 
some engines may have either short or long delays and yet remain smooth 
(cf. figure 23), whereas others will have a much more pronounced tend- 
ency to knock (cf. figures 13, 14). Therefore, although generally speaking 
a fuel of high ignition quality may decrease objectionable knocking in many 
engines in comparison to a fuel of low ignition quality, in other cases the 
effect may be less pronounced, and in still others neither of them will 
knock in an objectionable way. 

2. Chemical aspects 

The chemistry of the complex combustion occurring in a Diesel engine is 
far from being entirely known. The following material, which includes 
much of a paper presented last year (1), may be advanced as a crude out- 
line of the general situation. Combustion of hydrocarbons may be, in 
principle, a direct oxidation (for instance, hydroxylation according to Bone 
and Wheeler) or a decomposition followed by oxidation of the destruction 
products (Aufhauser^s theory of destructive combustion). Haslam and 
Russell (2) came to the practical conclusion that generally both types of 
processes will occur side by side. When the fuel has been vaporized and 
well mixed with air before burning, the first type of reaction is most likely 
to develop, but when fuel vapor is suddenly exposed to high temperatures 
before mixing, the second type of reaction prevails. The conditions for the 
first t3q)e of reaction are met with in dry mixtures in gasoline engines, but 
in the Diesel engines there appears to be no doubt as to the conditions 
being more favorable for destructive combustion; the liquid fuel drops sur- 
rounded by flames form as many centers of vapor development, whereas the 
mixing process comes only afterwards. The characteristics of the direct 
oxidation process in mixtures of normal air-fuel ratio are as follows: blue 
flame (carbon dioxide and carbon monoxide radiation), no tendency to soot 
either from overrichness or from chilling, but production of carbon mon- 
oxide, aldehydes, and acids under chilling conditions. Characteristics of 
the destructive combustion process are as follows: radiant yellow-white 
flame (0«C or black body radiation), and tendency to soot when locally 
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overrich and when chilled. Under overrich conditions carbon monoxide 
and hydrogen are formed by either process. 

The evidence given by photographs of the flames, by exhaust color on 
overload, and by contamination of lubrication oil by soot, all point to 
destructive combustion as being predominant. Acrid exhaust odors, 
formation of carbon monoxide at low loads (see figure 24), and vamish-like 
deposits on pistons and in lubricating oil point to direct oxidation as part of 
the process, and are most noticeable under light loads and with long delays. 
This proves without further detail that actually both processes go on side 
by side 

Chilling, due to cool walls, and dissociation (mainly of carbon dioxide) 
at high temperatures have been briefly mentioned as chemical causes of 
after-burning. When it is considered that a severe degree of contamina- 
tion may be caused by incomplete combustion, due to chilling, of only a 
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Fig. 24. Carbon monoxide content of exhaust gases 

very small percentage of the fuel, it is obvious that the incomplete com- 
bustion of so little fuel will not materially affect the efficiency of the cycle. 

From the foregoing it is seen that analysis of the products of incomplete 
combustion may be a guide towards a better understanding of the Diesel 
process. From a practical point of view these products hold one of the 
biggest problems in Diesel engine development. 

Acrid smell and blue fumes from unbumt fuel are intolerable in road 
vehicles. It has been shown in a practical way that engine design may 
overcome them by allowing no fuel in the liquid state to come into contact 
with cool walls. Carbon monoxide is still more intolerable, but as the 
carbon monoxide content in Diesel exhaust gases is much lower than in 
gasoline exhaust gases, and as the latter generally are unobjectionable 
from a hygienic point of view, this is still more true in the case of the Diesel 
engine. A further effect of liquid fuel deposits may be carbonization, 
especially with residual fuels, leading to piston and valve troubles. Var- 
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nish-like deposits in quantities that will cause sticking of the piston rings 
within a short time are seldom encountered, but their influence at con- 
tinuous operation may be severe enough, even if this influence be only the 
forming of binding material in crankcase sludge. 

Stationary and marine engines usually have to be rated, on account of 
heat stresses, to low outputs, so that their exhausts may always be clear. 
In the case of vehicle engines, maximum output being required, the forma- 
tion of soot limits the output, not only with regard to atmospheric condi- 
tions in the streets, but also because of the blotting paper action of the 
soot in drying up the cylinder walls, thus leading to piston troubles. 
Soot, furthermore, constitutes the greater part of the lubricating oil 
contamination. 
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Discussiom 

A. M. Rothrock: Mr. Boerlage and Mr. Broeze are to be congratulated 
on their comprehensive survey of the combustion process in the Diesel 
engine. They have presented a clear analysis of their own and other 
researches. Papers presenting such an analysis are particularly valuable 
in that they permit general conclusions to be drawn from a mass of re- 
search and so prevent us from drawing erroneous conclusions from single 
researches. 

In the third paragraph of the paper the authors state that the hetero- 
geneity of the mixture in the engine permits the load to be varied down to 
zero solely by regulating the fuel input. Although we know, as shown by 
figure 21, that stratification of the charge does occur at low loads, we can- 
not be sure that in the Diesel engine such stratification is necessary. 
Gaseous combustion tests have shown that as the temperature of the gas is 
increased the limits of inflammability are also increased. With the am- 
bient air at a temperature sufficient to cause the fuel to ignite in 0.001 
sec. or less the number of ignition sources is infinite, so that each fuel 
droplet on vaporizing may act entirely independently of the surrounding 
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droplets in the ease of extremely lean but miiform mixtures. I also 
question that the excellent economy of the Diesel engine at part loads is 
caused by the fact that the fuel only is regulated; rather the economy at 
light loads is the economy inherent in the high compression ratio used 
with the Diesel, and at full load the good economy is really poor economy 
if based on what the cycle is capable of delivering providing all the fuel is 
burned early in the expansion stroke. 

Our inability so far to provide means for eflSciently burning a quantity 
of fuel corresponding to the full amount of oxygen available in the cylinder 
prevents us from obtaining the economy inherent in the high compression 
ratio of the Diesel engine, but recent researches show that the power out- 
put may very closely, if not actually, equal the power output of a spark- 
ignition engine. With a normally aspirated engine, as shown in figure 14 
of the paper presented by Dr. Selden and myself, an indicated mean effec- 
tive pressure of 163 lb. per square inch was obtained. This value cor- 
responds to that obtained at a compression ratio of between 7.5 and 8.5 
on a spark-ignition engine. 

The authors’ remarks on the slowness of fuel vapor diffusion are par- 
ticularly important. It seems to me that this physical fact presents the 
chief obstacle to be overcome in the development of the high-speed Diesel. 
Also I agree with them fully in their statement that increased atomization 
will not necessarily improve engine performance. Their discussion on 
microstructure and macrostructure is particularly worth while How- 
ever, I would sooner use the terms ''atomization” and “vaporization” 
than “microstructure,” and the term “distribution” rather than “macro- 
structure.” 

In the photographic researches on combustion conducted by the National 
Advisory Committee for Aeronautics we have never obtained any evidence 
of the high air velocities centrifuging the fuel to the outside of the chamber. 
Our researches indicate that it is extremely difficult to obtain a good mix- 
ture either by air flow alone or by nozzle design alone, but that the two 
means must supplement each other if the best performance is to be ob- 
tained. I also question the statement that greater flexibility is obtained 
with the use of air flow. We have idled an engine with a quiescent com- 
bustion chamber at 200 r.p.m. Our tests indicate that the difficulty in 
idling an engine without air flow can be overcome through the correct 
design of the injection system. Air flow definitely permits greater power 
output and lower fuel consumption to be obtained, particularly at high 
speeds. 

In connection with the authors’ statement that forced air movement 
may be much more intense than induced air movement, I would like to 
add that in our tests on the N. A. C. A. combustion apparatus we have 
found that the induced air movement obtained unintentionally may be 
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such as almost to destroy the forced air movement. Consequently par- 
ticular care must be taken in the engine design so that the induced air 
movement will not oppose the forced air movement. 

Our tests indicate that the penetration of the spray is probably less 
dependent on the atomization than on the closeness of the drops in the 
atomized jet. As was shown by Kuehn (Atomization of Liquid Fuels, 
Natl. Advisory Comm. Aeronaut. Tech. Mem. No. 331 (1935); translated 
from Der Motorwagen^ December 10, 1934, January 20, 1935, Feb. 10, 
1935), even the largest drops would not penetrate through the air in the 
combustion chamber more than a fraction of an inch unless they were 
sufficiently close to entrain the air within the spray. 

It is questionable whether or not we should place so much emphasis on 
flame. Whether or not a flame nucleus is formed depends on our definition 
of flame. Webster^e dictionary defines flame as “a body of burning gas or 
vapor.’^ In their paper I presume that Mr. Boerlage and Mr. Broeze 
are referring to a luminous flame nucleus. If heat is being generated 
through the chemical reaction in the combustion chamber, the mixture is 
burning and we have combustion, even though we do not necessarily have 
luminous flame. In any case the luminosity is simply an indication of the 
temperature and constituents of the gas at the instant under consideration 
and has no direct relationship to the rate of pressure rise in the combustion 
chamber. In our own tests (A. M. Rothrock and C. D. Waldron; Natl. 
Advisory Comm. Aeronaut. Tech. Kept. No. 525 (1935)) we have re- 
corded appreciable pressure rise before recording luminescence. But it 
must be further remembered that flame which is visible to the eye may or 
may not be recorded on the photographic film used in the tests, and that 
certain photographic films will record radiations that are not visible to the 
eye. Along this same line of discussion, the recent researches of Wilson 
and Rose (S. A. E. Journal 41 , 343-8 (1937)) offer additional information 
on the relationship between the start of radiation from the combustible 
mixture and the start of combustion pressure rise. When the motion 
pictures obtained by Rothrock and Waldron (see reference above) are 
projected they show various luminous combustion nuclei appearing and 
disappearing when the start of injection was 60® before top center. With 
the later injection starts, all the visible nuclei! spread or merged into large 
combustion areas. I think a too detailed discussion of the process by 
which these nuclei! are formed should wait until we have more information 
than is available at present. 

The authors' statement that a mixture strength of 160 per cent of the 
theoretical autoignited at the lowest compression ratio is particularly 
interesting. This fact may have a direct bearing on the long after-burning 
period in the Diesel engine by requiring an overrich mixture in parts of the 
combustion chamber to initiate combustion. 
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INTRODUCTION 

The performance of any internal-combustion engine, irrespective of its 
operating cycle, is primarily a function of the thermal energy liberated per 
cycle, the part of the cycle in which it is liberated, the compression ratio, 
and the mechanical limitations imposed by the engine structure. For 
the purpose of this paper, engine performance is determined by two quan- 
tities: first, the highest indicated mean effective pressure (i. m. e. p.) 
attainable, and second, the minimum fuel consumption expressed as 
pounds per indicated horsepower-hour. In order to secure optimum 
values for these quantities it is necessary that the combustion be com- 
pleted as early in the power stroke as possible, with the provision that 
neither the explosion pressure nor the rate of pressure rise shall exceed 
certain limiting values. 

The combustion in a compression-ignition or Diesel engine differs from 
that in a spark-ignition engine in that a large portion of the fuel must be 
mixed with air during the combustion period. The Diesel engine must be 
a compromise between extensive mixing before combustion, with its 
attendant early efficient burning but excessive rate of pressure rise, and 
limited mixing before combustion, giving a permissible rate of rise but a 
lower thermal efficiency. Provision must therefore be made for sup- 
plementary mixing of the major portion of the fuel charge with the avail- 
able air after ignition by a proper coordination of the injection system, the 
combustion chamber, and directed air flow. It is the purpose of this 
paper to outline the influence of these factors on combustion in Diesel 
engines as revealed by a number of investigations conducted for the 
National Advisory Committee for Aeronautics (N. A. C. A.) on injection 
systems, combustion chamber design, and engine operating conditions, 
and to show how these factors control engine performance. 

OPERATION OP TYPICAL INJECTION SYSTEMS 

The fuel for most modem high-speed Diesel engines is injected, as a 
liquid under high pressure, through one or more small orifices directly into 
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the combustion space of eaeh cylinder by meaiis of a displacement pump 
connected to an injection valve by a tube of appropriate dnnensions. 
Each of the individual parts of such a system should be designed and 
coordinated to fulfill the following conditions: small variation in timing 
and fuel quantity from cycle to cycle; proper spray penetration and dis- 
tribution for the particular combustion space; a sharp but controllable 
spray cut-off for various load conditions; and perhaps some control of 
injection rate and start of injection if the engine is intended to operate 
efficiently over a great speed range. 



SINGLE - ORIFICE N022LC 



multiple- ORIFICE NOZZLE 




PINTLE NOZZLE 


IMPINGING - JETS NOZZtC 


Fig. 1. Typical closed injection nozzles 


The plain, pintle,, multiple-orifice, and two-impinging-jets nozzles are 
representative of the many different nozzle styles used in commercial 
engines. Such nozzles are classified as open or closed, depending upon 
whether or not the cylinder gas has access after spray cut-off to an appre- 
ciable passage length above the flow-restricting orifice section of the nozzle. 
The nozzles sketched in figure 1 are all of the closed type with the valve 
stem S shown in the raised or injection position. If the oil pressure in the 
passage P falls sufficiently, a suitable spring above the valve stem forces 
the latter down until its seating surface is in contact with a corresponding 




DIESEL ENGINE PERFORMANCE 


91 


surface on the nozzle, thus providing a gas-tight seal between the cylinder 
interior and the fuel passage above the nozzle 

The purpose of the nozzh^ is twofold, — to distribute' the find throughout 
the combustion chamber and to assist in breaking up tin' luel jet into the 
numerous droplets necessary ior the intimate mixing of the fuel and air 
Disturbances of the luel jet, as it issues from the nozzle jiroduce surface' 
irregularities that are drawn out into fine ligaments by the' rc'lative' me)tie)n 
of the luel anel air The' Iniuid in e'ach ligament, alter detachment freim 
the main jet, quickly e'erntrae-ts into a s])herical drojilet by the aedion eif 
surfae*e temsiein ddiis preicess is illustNited m figure' 2 for a leiw je't veloeity 



Fig 2 Fig o 

Fk; 2 Disinte^ratjoii of lou-vclueitv jt‘t in atiaosphonc air Jnj(*ction prc'ssno^ 
= 100 lb pet Hqiiaieinch 

Fig 3 Fuel ciiop impressions in lampblack surface 

(8) F'igure 3 is a photomicrograph of the' impre'ssmns maele' by suedi 
elre)[)s afte'r settling upeai a lampblae*k surface' (5) A derailed analysis ol 
the' size* distribution eil these impressions corre'sponehng to various inje'ction 
])ressure‘s (or jed \ e'locil k's) furmsheel the' data for the eairve's m figure* 4 
The jierce'iitage of filed m e'aedi groii]) was baseal ujion the* veilume* cor- 
re'sponding to those drop impre'ssions having diame'te'rs within 0 00025 
in of the nominal or “mean” group diarne'ter and the* total vediime feir all 
such gioujis It may be* see*n that for a givem neizzle the* ave'rage' drop size 
decreases as the injection jiressure increase's, although the change is not 
very gre'at at the higher jet vedoedties. Other e'onclusions elrawn from 
these tests were as follows: De'cre*asing the orifie*e diamete'r re'sults m nieire 


92 


A M HOTHROC’K AM) li F .sKLDKN 


Rtomizut ion ol tin* spray and a .sniallt'r mean drop mz(‘ The 
density ol lh<' nu mt<* winch the ln(‘l is injeet(‘d has littl(‘ effect on the di’op 
siz(' ilistiihution \ i-.ual msp(‘ction ot spi-ays cannot ])e us(‘(l to (‘stimate 
th(* ielatu(‘ (hop size distnhiit ion 



I'K. ) I'JTcc t ol j(*r v(*lo(itv oii iitoiinzatnm 



1m(. T) Spark pliotoKiaphs of spiays injected into atmospheric an 


Spaik pliotufTiaphs ((j) of the .symniotncal spray from a plain nuzzle 
and ol (wo mcw- ol the spiay from a two-impinging-jets nozzle, each of 
wliicli va- in,ie( (ed m(o at mos|)liene air a( a liigli jet veloeity, are rejm)- 
diiced m figure o 'I’iie mnltiple-onfiee ajiray is simply a eomiiosite of 
plain S'lavs, whereas the pintle nozzle gives a spray of gri'ater lati'ral 
spu.id .\( gas densities gu'ati'r than atmosjiherie the spray penetration 
deereasi's. as is illustrated m figure 6 for two plain nozzles and an im- 
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pinging-jets nozzle. The penetration into any gas is determined by the 
gas density rather than the gas pressure (4). For some applications the 
lower penetration of the impinging-jets nozzle may be advantageous, 
because of the greater lateral spread of the spray and the decreased im- 
pingement of the spray on the walls of the combustion chamber. Four 
such nozzles of the open type are used per cylinder in the Junkers aircraft 
Diesel. The length- diameter ratio of round-hole orifices giving the best 
spray penetration lies between 4 and 6, whereas the greatest lateral spread, 
or spray angle, occurs with ratios between 2 and 3 (3). It is for this reason 
that the smaller orifices are shown countersunk in the multiple-orifice 
nozzle in figure 1. 

Further information as to the relative spatial distribution of fuel in 
sprays from various nozzle types has been obtained (7) by determining the 



Fig 6. Effect of air density on penetration of spray tip. Injection pressures— 
4000 lb. per square inch. 

quantity of fuel caught by suitable receiving apparatus set up in front of 
the nozzle for a definite number of injections into air of the desired density. 
Typical curves for the distribution obtained with three of the nozzle 
types shown in figure 1 are given in figure 7 for an air density fourteen 
times that of atmospheric air. The impinging-jets nozzle gave the best dis- 
tribution within the spray, the pintle nozzle was intermediate, and the 
plain nozzle gave the poorest distribution. For plain round-hole orifice 
nozzles some improvement in lateral distribution within the spray resulted 
from an increase in injection pressure, the improvement being a function 
of orifice size. Low viscosity fuels also gave better distribution. The 
curves illustrate the difficulty of finding a satisfactory combination of 
orifice and combustion chamber design and the necessity of employing 
air movement within the combustion chamber to assist in the mixing of 
fuel and air. At present, the pintle nozzle is widely used in commercial 
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applications cmployinp; some form of precombiistion cliamher, hut the 
miiltiorifice nozzle has been found most ('ffeetive in tests at this laboratory 
with integral types of combustion chambers 

COMBUSTION AND COMBUSTION CHAMBER DESIGN 

If it were not for the fact that available inp^ction systems an* incapabh' 
of distributing th(‘ fuel in a comph'tely satisfactory inaniK'r, tla'n* Mould Ix' 
little excuse for the varied combustion chamber designs that ha\(‘ lieen 
us('d m commercial Dies(‘l engines. All such designs ha,v<* as their basic 
pur})os(‘ OIK' or both of two aims (/) to furnish sup])l(‘m('ntary fiK'l air 
mixing to correct partially for the dc'ficu'ncy in the spray distribution and 
(^) to dimmish th(' combustion sho(‘k oi Ihesel knock As fui'ls of sufh- 
cK'iitly high Ignition quality an' available, the i)roblem of si'curing ad('- 
quate mixing is distinctly of greatest inqiortance, jiarticularly with high- 
spec'd engiiH's On this basis the combustion chambc'r should ])oss('ss two 
characteristics hrst, it should hav(‘ a sha]ie condu(*i\’(‘ to th(' Ix'st distri- 
bution of th(' fuel with respect to the air charge' and second, it should 
contribute as far as possible', by induced a,ir fleiw’ anel turbule'iK'e', te> the* 
se'cemdary mixing eif unburneel eir inceimple'te'ly burne'el fue'l with iinusc'd 
eixygen ()b\’ie)usly an eiptimum (*ex)relinatie)n e)f mje'ctiein syste'in anel 
exjmbustiem chambei sliape minimize's the' reejuire'el auxiliary mixing liy an 
how^ anel turbulemce Feir this reason high dispersieai e)r multiple'-orifie'e' 
ne)zzle's ge'iierally give' be'tte'r results. 

Tliie'e typie*al syste'ins feir obtaining air fleiw m the' e*e>mbust iein s])ae*e are' 
illustrate'd eliagraminatie*ally in figure' 8, e'ach e)f the'se* being at pre'sf'iit an 
eiptimum ele'sign for its type Hk' air fleiw is nielue'e'el by the' restne*te‘el 
exmne'e’ting jiassage' be'tween two portions e)f the' e'exnbiist lein space in the' 
])re'e*hambeT type (9), anel by the' restnediein lie'twe'e'ii the' e*e)mbnstie)n 
e'hambe'r anel ehs})lae*e'me'nt volume' elurmg the' latte'r ])art oi' the' e'enniire'^su)!! 
streike m the' displae*e'r-})iston type* (10, 1 1, 13) In tJu' Junke*rs t w e)-e*y(‘le‘ 
ele'sign the fle)W' is ge'iie'rated by dir(*e*te'el intake ports eir baffle's It is 
partie'ularly important te) neite- that e'ach elesign is basie*ally a ehsk chamber 
in which is meluced a elirecteel flow of the* air e'harge The' eiis|)lae*er-pist-e)n 
type is really an aelaptatiem of the se>-calleel quie'se*e'nt-e‘hamlx'r engine 
without any proje‘e*tion ein the* pistem as develeipe'd by the* Natieinal Ael- 
visory rexnmittee for Aeronautics ove'r a perieiel of ye'ars (2) 

The* fuel must not einly Ix' atomize'el and distribute'el thre)ughe)ut the air 
m the e'emibustion chamber, but it must also be vape^nze'd through ab- 
sorptiem oi he'at frexn the air so as to fe)rni a cennl^ustible* mixture* Thei 
ra])idity w ith which the* inje'cteel fue'l absorbs heat frean the surrouneling 
air IS inelicated by figure 9 (23) The* upper re'cord sheivvs the* ele'e'rease* in 
total gas pre'ssure atte'iiding the heat transferre'el to Diesel fuel upon its 
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into lioatiMl and coinjimssod nitrogen This deerease began 
\Mtti the \o)v hist portion of th(‘ find npieeti'd The lower record eor- 
lesponds to tlu^ thud ni|(‘etif>n into the saiiK' air eliarge after reestabhsh- 
nif'nt ol IlK'rinai (‘(inilibnnni following th(‘ first twaj injections The 
d(*ci(‘as(' in the inihal ratf‘ oi pn*ssin(‘ dro]) (oi li(‘at tiansfer) evident in 
the low ('I leeoid niu.st be attiibut(‘d t,o oiH' or both of the following tin* 
gK'ater luait ea|)acity ol tlu* air \a])or mixtun* (’xisting after the s(*(*ond 
iiiji'ction, Ol an mhiliition ol th(' vajiorization ot a portion of the fuel, 
VNhieh piesmnably occiiri<‘d in the absiaici* ol vajioi 

\n indieation ol the lapiditv ot the \ ajiorization ])roc(*ss in an (aigiiie is 
birnish(‘d l)\ the high-sp(‘(‘d motion pictui(‘s n'jiroduced in tigiin' 10 (10) 
The phologiapl s in (au'h m'IH^s w(T(‘ obtaimal bv means of suitably timed 
-pal! and show a silhoiK't t'‘ ol a ()Ui(‘s<*en1 I'ombustion chandler ])ro\ idl'd 
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.06 
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with liont and leai window > ‘id in m diameti'r In taking tin' jhioto- 
giaphs, the (‘iigme was motoK'd o\ ei and a single idiargi' of fuel nijc'cted 
into th(‘ eonibustion chaml)(‘i Combustion was j)re\ent(‘d by th(' vx- 
trenn'ly low ti'inpi'ratun' at which th(‘ engine was operating lOach senes 
oi photograjiiis corn'sponds to a fuel ha\ mg a dew point markedly differ- 
(Mit tifcn that ol th(' othf'is, thc' uijc'ction advance angle being maintained 
conn am The chamber contents became more transparent as th(‘ sjiray 
eou‘ disapi)('ai('d through its \aporization and its movement fieyond the 
tii'ld ol Mew t )n tin' expansion stroke* the contents of the (*hamb(‘r sud- 
(h'ldv became' opaepie, as a n'sult of the condensation of the va[)ors. The 
ord('r ot condi'iisation m t(‘ims (d clank angle was tin* same as that for the 
x'olatiluy Ol d(‘w points of the iuels The fact that the* fuels wi're vapor- 
izing was contiimed by the* n'sults of further tests in which the injection 
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advance angle, the fuel quantity, the engine speed, and the engine tem- 
perature were varied independently 

The extent to which the fuel is mixed with the air in the combustion 
chamber can be studied by investigating the efficiency of the combustion 
and the efficiency with which the heat energy extracted from the fuel is 
transformed into useful work. By combustion efficii'iicy is meant the 
fraction of available heat energy that is extracted from the fuel during the 
latter part of the compression stroke and during the power stroke. The 
efficiency with which this extracted heat energy is transformed into indi- 
cated work is termed tlu' cycle efficiency. Although these two efficiencies 
are independent of each other, they are generally studied together. The 
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••• 
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product of these two efficiencies is the indicated thermal efficiency of the 
('Tigine and is the factor of primary interest. 

The extent to which the fuel is burned is indicated to a certain degree 
by high-speed motion pictures of the combustion process and to a greater 
degr(‘e by an analysis of the indicator cards taken during engine operation. 
High-speed motion pictures were taken on the same single-cylinder quies- 
cent-chamber test engine, operating under its own power for a single cycle, 
as was used for the vaporization w^ork. In these tests the effects of high 
wall tempeiaiures and of (‘xhaust gas dilution w^ere not present; otherwise, 
the test conditions meet very closely those (*xperienced in actual engines. 
The quiescent chamber jirovided a minimum of air movement so that the 
distribution and dispersion of the fuel by the injection nozzle could be 
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studied. Pilot ()graf)hs of the iiijeetioii and eoinbustion of th(‘ find taken 
under this condition at a rate of about 2000 frames a second are presemted 
in figure 11 (19) The figure emphasiztvs th(‘ inadequacy oi the fuel dis- 
IXTSion and distribution from a single round-hole orifi(*e, and th(' improve- 
ment that IS obtaiiKxI from t h(‘ multiorifice nozzle With the single round- 
hole orific(‘ th(' anal naiclual by the flam(‘ indicat^^s tlK‘ ar(‘a of the fuel 
dispersion Although then' is (‘ontmual va])orizmg ol tlu' fuel s])rays, the 
spray con' and at l(*ast part of tlu* ('nvi'lopc' an' visible* in every case* up to 
th(' start ol combustion Alucli oi the combustion (*hamber is nev(‘r 
reached by the* burning gases Witli th(‘ .^ix-onfice* nozzle* the* flame not 
only n*a(*hes all the \isible portion of the* combustion chamber, but 
persists lor an a])pn'(*iable time' interval. The* fae*t that ignitiem often 
eie'curre'd Ix'tw e'en t he* sprays is eif intere'st. The slit neizzle*, although giving 
lairly unilorm elistributmn throughenit tlie spray, did imt elisjierse the fued 
througheiut the* ediambe'r, so that the* npxing was mtermr to that give*n 
with the six-e)rifie*(' nozzle, e'ven though the latter cejiitained the six dense 
sjiray rorcs The* ele'use* ('em* is appare'iitly ne‘(‘e‘ssary to eibtam suffie*i(*nt 
sjiray pe'iie'tration m a combustiein e*hambe*i v\hie*h elex's not have high- 
\'e'le)e*ity an flow 

The e*fT(*e‘t of air flow on spray ele\ e*le)pme*nt anel ein e'eimlnistiein is shown 
m the' thie'e sene's ot schlie*re*n, high-spe'e'el, nmtiein-picture' plmteigraphs, 
teigethe'i with the* re'spe'ctna* e'eimbustion e*hambe'r arrange*menits, as in figure 
12 (20) h]\c('pt foi the* de'fimte* ele‘fle*e*tie)n ol the' opaque fuel in the* two 
low(*r se'iie's, the'se* pi(*ture‘s de> neif e‘on\e*y the* mipre'ssieiii ed air meitiem 
nearly sei we'll as the' preije'e'te'el meitiein pie'ture's Otlie'i* than for the* 
se'hhen'ii le'atun*, the* upjie'r se'rie's ed photographs is similar to that in 
figure 11 As the' elis])lae*e*r ein the instein, as slieiwn eippeisite* the second 
se'iie's, e'lite'reel the' e'eimbustiein e*hambe*r a viole'iit swirl eif the air as a whole* 
was ])roeluce'd in the* e*hambe*r Kven theiugh the spray core itself was not 
de'.streiyed by the* air swirl, a gre'ater ceimbustiein e*hambe'r are'a wars re*ache*d 
by the* dame* than was the* e*ase‘ without the* air me)ve‘me*nt With the 
multie)rifie*e' iieizzle* and the* two-passage eli.splace*r the pie*ture*s melie*ate 
seinie* air nieive'me'iit, but a e*e)mparise)n wdth similar picture's take*n without 
an dow’ shows that theie* was no appare*nt impre)ve‘me*nt m the mixing of 
the fuel and air Neverthele'ss, bedh the single and elejuble passage dis- 
plae*ers sheiwed a de*e*ided impreivement in pe'rformance for a combustion 
e*hamber eif similar design on a single*-cyhnder test engine* Apparently 
with a iieizzle that elistribute's the filed re*asonably wtH, the chie*f furu;tion 
ed the an flow is ned tei disrupt eaimpletely the spray e*ore^s, but to improve 
the* mixing betwe-e*n tlie* individual sprays. In fact, it seems that the 
sprays e'oiitnbute* tei th * elf*struction ed’ the air move*ment, but in .so doing 
the* desireel mixing ed the* air and iuel is partially achieved. 
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By an adaptation of a method developed by Schweitzer (21) for the 
analysis of engine indicator cards not only the combustion efficiency but 
also the cycle efficiency can be obtained to a fair degree of accuracy. The 
cnrvep in figure 13 show the effect of fuel-injection advance angle (1. A. A.) 
on tbfe indicator card and on the rate of combustion in the quiescent com- 
busi^on chamber (14). The corresponding combustion and cycle effi- 
ciefioies were computed from the indicator cards shown and the known fuel 
qnantiity injected. These efficiencies are given in table 1. 

Ifhe data show that the ignition lag remained practically constant for 
thh different conditions. Therefore it seems reasonable to believe that a 



Fig. 13. Effect of injection advance angle on combuation rates 


factoF equally important with the ignition lag is the time interval between 
spray cut-off and the start of rapid combustion. Spray photographic 
tests have shown that only after spray cut-off does the spray core dis- 
integrate. A comparison of figure 13 and table 1 shows that as the maxi- 
mum rate of combustion was increased, the combustion efficiency also 
inerted, but that the cycle efficiency decreased because of the lateness of 
the burning. As a result the thermal efficiency was highest for the earliest 
J. A. A. Had the tests been run on different fuels instead of different 
injeetion advance angles, then the fuel giving the highest combustion 
efficiency would also have given the highest thermal efficiency. This same 
has been obtained by using the same fuel and injection advance 



102 


A. M. KOTHROCK AND R. F. SELDEN 


angle, but operating the engine at different jacket temperatures (2). tli 
these tests an increase in the jacket temperature decreased the ighltioil 
lag, but also decreased the combustion efficiency because of the shofii^r 
lag. These data have led to the conclusion that the Diesel engine should 
be operated on the lowest cetane number fuel consistent with easy stai*ting 
and permissible rates of pressure rise. 

Figure 13 also shows the long after-burning period that exists in most 
high-speed Diesel engines. Until means are derived for burning this fuel 
earlier in the expansion stroke, the cycle efficiencies inherent in the high 
expansion ratio of the Diesel engine will not be realized. In fact, the 
elimination of this after-burning period will probably do more to advance 
the Diesel engine than any other single factor. In other tests conducted 
by the National Advisory C'ominittee for Aeronautics (1, 15, 17) it has 
been shown that if the lag between cut-off of injection and start of com- 
liustion pressure rise is too great, the combustion efficiency and the com- 
bustion rates decrease. It appears, tliercfore, that there is a certain value 


TABLE 1 

FueUinjeclion advance angle and efficiency 


I. A. A 

rUKL-AIR RATIO 

COMBUSTION 

RFFIClIiNCT 

CYCLB EFKICIBNCY 

THBRMAL 

EFFICIBNCT 

30 

0 039 

0 69 

0 57 

0.33 

18 i 

0 046 

0 64 

0 46 

0 30 

11 

0 051 

0 69 

0 36 ; 

0 26 


of this lag which gives a maximum combustion efficiency and rate-of- 
pressure rise For this reason, if the after-burning period can be elim- 
inated, not only the cycle efficiency but perhaps the combustion efficiency 
as well will be increased. 

The after-burning is probalily caused by inadequate mixing of the fuel 
and air. This mixing is controlled by the form of the fuel spray, the degree 
of atomization, the rate of fuel vaporization, the rate of vapor diffusion, 
and the degree and form of air movement within the combustion chamber. 
It is questionable whether any improvement in atomization over that 
obtained at present will further improve the distribution of the fuel. Tests 
were conducted at the laboratories of the National Advisory Committee 
for Aeronautics, in which a high-velocity air jet was directed through the 
injection nozzle with the fuel spray. Although atomization and burning 
tests showed the fuel to be much better atomized, the system did not give 
any improvement in engine performance. The rate of fuel vaporization 
is apparently comparatively high (16), and the test results indicate that, 
with the fuels used on commercial engines, the vaporization is sufficiently 
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fast in every case to provide good mixing of the fuel and air. The diffusion 
of the fuel vapors appears to be too slow to provide adequate mixing 
even though nozzles with good distribution characteristics are employed 
(18, 19). It can be concluded that the improvements in mixing must be 
obtained through close coordination of the spray form and the air flow in 
the combustion chamber. 

It is evident from the solid curves in figure 14 that the indicated mean 
effective pressure and the specific fuel consumption improve with N. A. C. A 
chamber design in the following order: quiescent chamber, prechamber, 
and quiescent chamber in combination with a displacer piston (2, 9, 11). 
The dashed curves show that the response to boosting^ measured in terms 
of the increase in indicated mean effective pressure is about the same at 



Fig. 14. Performance with typical combustion chambers 

1500 R.p.M. for the prechamber and displacer engines. The clear exhaust 
limit for the quiescent chamber occurs at a considerably lower fuel quantity 
than for the unboosted prechamber and displacer engines. Considered 
on the basis of the limiting indicated mean effective pressure with clear 
exhaust, the displacer piston possesses an advantage, either boosted or 
unboosted. 

The displacer-piston tests have been extended to 2500 r.p.m. and a 
boost of 20 in. of mercury, the resulting fuel consumption and maximum 
indicated mean effective pressure for a clear exhaust being 0.34 lb. per 
indicated horsepower-hour and 235 lb. per square inch, respectively, at a 

* The boost data presented in this paper have not been corrected for supercharger 

power. 
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maximum cylinder pressure of 1200 lb. per square inch (12). These 
high performance figures at 2500 r.p.m. result from a combination of one 
or more of the following factors: greater permissible maximum cylinder 
pressure, improved cylinder scavenging with inlet and exhaust valve 
overlap, and better response to boosting. 

The improvement in thermal eflSciency with boosting, as shown by the 
decrease in specific fuel consumption at the higher loads, is another notable 
feature shown by figure 14. This same tendency is again evident in 
figure 15 (22). In this figure the ratio of the absolute explosion pressure 
0.004 sec. after ignition to the initial pressure is plotted against the ignition 
lags obtained when the fuel charge is injected into a constant-volume 
bomb containing air at several respective temperatures and densities. 



Fig. 15. Improvement in combustion with increasing air density 

The lower density approximates those existing in a Diesel engine at normal 
injection advance angles, whereas the higher density corresponds to that 
in an engine at top center operated with a boost of about 10 in. of 
mercury. The improvement in combustion eflSciency with increasing 
density is appreciable, particularly for the shorter ignition lags such as are 
permissible in engines. 


CONCLUSION 

From the data obtained on the high-speed Diesel engine at the lab- 
oratories of the National Advisory Committee for Aeronautics and at 
various other research institutions it is possible to draw certain definite 
conclusions and to outline the direction in which experimentation should 
go. One important conclusion is that the fiat-disk combustion chamber 
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offers the greatest promise. In the researches reported here, it was found 
that the flat-disk chamber gave the best performance with either the pre- 
combustion or the direct-injection chamber. In the precombustion 
chamber it was found that the best performance was obtained with most 
of the volume in the precombustion chamber of the flat-disk form. The 
outstanding performance obtained in Germany on the Junkers engine is 
also obtained with the flat-disk chamber. The chief difference between the 
three engines is in the nozzles used for the injection of fuel, the displacer- 
piston engine using a multiorifice nozzle, the precombustion chamber 
engine a single round-hole orifice nozzle, and the Junkers engine four 
impinging- jets nozzles. In each case the choice of nozzles has been the 
outcome of considerable experimentation and represents the best com- 
bination of combustion chamber design, air swirl, and nozzle design ob- 
tained so far. All three combustion chambers use a high-velocity air 
swirl, although the method of producing the swirl differs. The pre- 
combustion chamber engine has the disadvantage of an unscavenged 
space, which definitely limits its performance to a value below that of the 
other two t3npes. More research is necessary on the effects of the design 
of the nozzle for the injection of fuel to determine, if possible, an optimum 
form of nozzle. 

More data are necessary on the fuel distribution within the combustion 
chamber. There is little quantitative information on the distribution 
throughout the combustion chamber from the start of injection to the 
completion of the first 30 degrees of the expansion stroke. Finding the 
air-fuel ratio in different parts of the chamber during this time interval 
presents a difficult problem, but efforts to find it should be made. Tests 
should be conducted to determine whether the after-burning period is 
caused by inadequate mixing or by certain chemical phenomena. If 
it is chemical, it is possible that the use of certain fuel dopes will help to 
speed up the late burning. 

Although it has not been brought out in this paper, there is a need of 
data on the effect of the rate of injection on the combustion efficiency. 
It is probable that to obtain widely different rates with adequate nozzle 
distribution, it will be necessary to use a unit injector. The unit injector, 
in which the piston of the injection pump is mounted as closely as possible 
to the injection nozzle, shortens the comparatively long time interval 
for pressure changes to be transmitted throughout the injection system. 

The question of fuel rating, which is proving so bothersome in the 
gasoline engine field, appears to be fairly straightforward for Diesel 
engines. There are at least two methods of Diesel fuel rating, either of 
which is satisfactory, namely, the ignition lag as measured in the engine or 
the ignition lag as measured in a bomb at temperatures and densities 
equivalent to those in the engine. 
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As the speed of the Diesel engine is increased there is going to be a need 
for even closer coordination of the injection system and combustion 
chamber design. In addition, the injection system will need further 
development in order to inject the fuel in the shortened permissible time. 
Here again, it is probable that the unit injector will be at an advantage 
over the systems in general use at present, in which there is an injection 
tube of appreciable length between the injection pump and the injection 
valve. 
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I. MECHANISM OF THE DIESEL COMBUSTION KNOCK 

The Diesel process is frequently described as injecting liquid fuel into 
highly heated air, the fuel igniting instantly upon its entrance into the 
cylinder. If this description were accurate, there would be no combustion 
knock in Diesel engines, generally speaking. The introduction of the fuel 
into the cylinder is a gradual process, if for no other than mechanical 
reasons. The injection extends over a period of 20 to 35 crank degrees, 
sometimes more, seldom less. During this period the introduction of the 
fuel is more or less uniform. If the ignition were instantaneous, the rate 
of pressure rise would follow the rate of injection and be moderate. Com- 
bustion knock, on the other hand, always is accompanied by a very rapid 
pressure rise. 

However, the process described is upset by the ignition lag. The fuel 
injected does not ignite instantaneously. The significance of the delay 
period is discussed in another paper (9) of this symposium. For us it will 
suffice to say that the longer the delay the more violent the subsequent 
ignition and the more severe the combustion knock. 

Almost every factor that causes a spark-ignition engine to knock makes 
the compression-ignition engine run more smoothly (45). In both cases 
the knock is caused by the autoignition of a considerable portion of the 
charge, but while in a spark-ignition engine it is ordinarily the last portion 
of the charge which autoignites, in the compression-ignition engine com- 
bustion is initiated by autoignition. This explains the different behavior 
of the two types of engines. 

Consequently fuels of paraffinic base, consisting mostly of saturated 
straight-chain hydrocarbons, are the smoothest and most desirable fuels 
for Diesel engines, while cracked fuels and also straight-run aromatics 
bum roughly, benzene being about the worst of all. Gasoline antiknocks 
have the reverse effect in Diesels (37), while proknocks, consisting mostly 
of mild detonants like ethyl nitrate, added even in a small percentage 
reduce the Diesel knock remarkably. This is explained by the fact that 
paraffin fuels and ethyl nitrate ignite after a comparatively short delay and 
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do not permit the accumulation of a considerable amount of combustible 
charge in the cylinder 

II. HISTORY OF DIESEL FUEL TESTING 

Rieppel (43), in 1907, as one of the earliest research workers on the 
behavior of liquid fuels in compression-ignition engines, recognized that 
no relation existed between the flash point or burning point of a fuel and 
its ability to ignite spontaneously inside an engine cylinder. 

Holm (23), in 1913, investigated autoignition temperatures in oxygen by 
allowing oil globules to drop to a porcelain crucible cover heated inside a 
vertical tube furnace swept through by a stream of oxygen. 

Constam and Schlaepfer (13) continued the investigation with increased 
accuracy, but they could not share Holmes opinion that the spontaneous 
ignition temperature was of decisive influence on the suitability of fuel 
oils for Diesel engines. 

A simple and successful autoignition temperature tester operating with 
air under atmospheric pressure was developed by Moore (36) in 1919, 
which has been perfected by Wellers and Ehmcke in the Krupp laboratories 
(51), In Jentsch’s modification of the open crucible, the oxygen feed is 
closely controlled. 

Compressed air in a bomb was used by Tausz and Schulte (50) and 
atomization of the fuel added by Hawkes (16), Neumann (39), Foord (15), 
Holf elder (22), and Michailovra (33). These investigations have shown 
that self-ignition temperature depends to an enormous degree on the delay 
period and to an appreciable degree on the air pressure, density, air-fuel 
ratio, material of the crucible, and atomization of the fuel. By agitating 
the air in the bomb Neumann (39) obtained self-ignition temperatures 
that were much higher than those for stagnant air, except for very short 
ignition lags, when the revei*se was true. 

The above investigations rated Diesel fuels in somewhat similar order 
and have shown that paraffinic fuels have lower self-ignition temperatures 
than aromatic or naphthenic fuels. But the order of magnitude of the time 
lag in simple bomb tests was a multiple of 1/10 second, compared to a few 
thousandths of a second obtained in compression-ignition engines. In 
recently constructed bombs, however, using high pressure, turbulence, and 
fuel atomization, ignition lags were measured (33) that are comparable 
with those obtained in engines. 

In 1923 Hesselman (18) described a method for measuring ignition lag, 
which he used on his engine. In 1931 Le Mesurier and Stansfield (29) gave 
results of tests to determine the difference in behavior of a wide range of 
fuels in several compression-ignition engines, and showed that, in any 
given engine, the combustion knock was broadly related to the delay 
which occurred between the moment of injection and the beginning of rapid 
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pressure rise, which they measured essentially in the same way as Hessel- 
man. Different engines seemed to have only slightly different relative 
effects on the fuels tested. 

In the same year Boerlage and Broeze (6) published their results on an 
engine-test method of rating Diesel fuels. The tests were made in a rela- 
tively slow speed engine by the throttling method, and each fuel was rated 
in terms of the blend of cetene and mesitylene which matched it in ignition 
lag. The tests have shown surprisingly good correlations, indicating not 
only that the method is dependable but also that differences between 
engines and running conditions were of relatively sUght effect upon the 
rating. 

In January, 1932, Pope and Murdock (40) reported on their tests made 
with a modified C.F.R. knock-testing engine. In these tests the engine 
was of the variable compression type, and the rating was based on the 
lowest compression ratio at which the samples of fuel would just ignite 
under controlled temperature conditions. While running the engine 
under such borderline conditions did not prove practical, with a ^ ^motored 
engine^^ the critical compression ratio method gave very useful results. 

In July, 1932, Boerlage and Broeze (7) proposed that ratings in ignition 
quality be made in terms of ^^cetene numbers^^ using cetene and alpha- 
methylnaphthalene as primary standard. In 1935 the A.S.T.M. (1) re- 
placed cetene in this country by cetane for a standard reference fuel of 
high ignition quality. 

Until recently ignition lag determinations were made from indicator 
diagrams. In 1932 Boerlage and Broeze (7) described an inertia lag meter, 
and a year later (8) reported cetene ratings performed with a modified Midg- 
ley type bouncing pin. The ^^knockmeter delay method’^ which has been 
most widely used in this country is an outgrowth of this method, and was 
developed by T. B. Rendel (41) in cooperation with the Waukesha Motor 
Company, the builders of the converted C.F.R. engine which has been 
tentatively adopted for Diesel fuel rating. 

In 1933 Schweitzer, Dickinson, and Reed (46) proposed the use of a 
predetermined ignition lag, to be obtained by a corresponding adjustment 
of the compression ratio, for rating. In 1935 Hetzel and Schweitzer (20) 
replaced the bouncing pin by a magnetic pick-up, which flashed the neon 
lamp of a protractor through an electronic relay. 

One of the first empirical equations based on physicochemical data, and 
indicative of the ignition quality of the fuel, was proposed in 1931 by 
Butler (11) and called ‘Tgnition index:” 

Ignition index ^ (1 — specific gravity) 


X average boiling point (®F,) 
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The specific gravity and dispersion are to be taken at 100°F. This was 
superseded in 1934 by the Diesel index of Becker and Fischer (4) —a 
formula involving gravity and aniline point which has subsequently become 
rather popular 

In the same year Moore and Kaye (35) proposed the viscosity-gravity 
number, which has been modified by Hill and Coates (21); this formula 
contains only viscosity and gravity. 

One year later Jackson (26) proposed the boiling point-gravity number, 
which uses the 50 per cent distillation point and gravity in a formula. 

In 1935 Heinze (17) proposed as an index the parachor of Sugden (49), 
p = /S‘/Z>, wliere S = surface tension and D ~ specific gravity. When p 
is plotted against the molecular weight, characteristic straight lines are 
obtained, one for each class of hydrocarbons, whh^h correlates v;ell with 
the cetane rating. 

The U.O.P. (Universal Oil Products) characterization factor, proposed 
by Hubner and Murphy (25) in 1935, includes the same factors as the 
boiling point-gravity number in a different combination. 

As a further refinement in 1937 Hubner (24) introduced the ignition 
quality number, which is obtained by multiplying the Diesel index by the 
50 per cent distillation point. 

Marder and Schneider^s (32) formula based on the boiling point index 
and Kreulen's (28) “ring analysis^^ are the most recent contributions along 
this line. 


III. SCALE FOR EXPRESSING RATING 

No matter what testing method is adopted for measuring ignition 
quality, it is essential to determine the manner in which the rating of the 
fuel shall be expressed. This problem is only loosely related to the method 
of rating. Using the engine rating, one way to express the rating would 
be to use the measured factor for scale, as the ignition lag in degrees, the 
lowest usable compression ratio, the required compression ratio to produce 
a predetermined ignition lag, the maximum rate of pressure rise, and others. 

Another way to express the rating is based on two standard reference 
fuels, one of high and the other of low ignition quality. The test fuel is 
matched with a blend of the two reference fuels mixed in such proportion 
that its ignition quality (in the arbitrary scale of the test) is equal to that 
of the reference blend. The rating of the fuel is then expressed as the 
percentage concentration of the reference fuel of high quality. 

This second method can be used with any testing method that may be 
adopted, — bomb, physicochemical, or engine tests, — and it offers certain 
distinct advantages. Rating expressed in a reference fuel scale is no doubt 
less affected by the instrument factors. But the deciding consideration 
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in the adoption of the cetene (later cetane) scale was the preceding experi- 
ence with gasoline knock rating. In the early period that was expressed 
by Ricardo^s H.U.C.R. (highest useful compression ratio), but that gave 
way first to the toluene equivalent and later to the octane number. Tech- 
nologists accustomed to the octane number were quick to adopt the cetene 
number when it was proposed by Boerlage and Broeze. 

The selection of the reference fuels required, however, a careful study. 
For reproducibility they should be pure substances of a known chemical 
composition, which are stable in storage. For range they should possess 
higher and lower ignition quality, respectively, than any fuel to be tested. 
For validity they should possess a chemical constitution and physical 


TABLE 1 

Properties of cetane and alpha-methylnaphthalene 


PROPBRTISS 

CBTANB* 

ALPHA -MBTHTL- 
NAPHTHALBNKt 

Specific gravity 60/60 °F 

0 778 

1 018 

Flash point, closed cup, °F 

230-f 

214 

Pour point, °F 

+65 

+50 

Viscosity, SSU at 100®F 

38 

37 

Distillation range, °F, 



Initial boiling point 

516 

450 

10 per cent 

532 

456 

50 per cent 

534 

438 

90 per cent 

536 

460 

End point 

543 

482 

Aniline point, °F 

204.0 

Miscible 


* As supplied by E. I du Pont de Nemours and Company, 
t As supplied by Reilly Tar and Chemical Company. 


properties (viscosity and volatility) not much different from those of the 
normal fuels. Finally, they should be available at a reasonable price. 

The reference fuels which were adopted by the A.S.T.M. as most satis- 
fying these requirements are cetane, C16H84, and alpha-methylnaphthalene, 
CiiHio. The properties of these substances are given in table 1 . 

Table 1 shows that the properties of these hydrocarbons are in line with 
those petroleum fuels which are used most in high-speed compression-igni- 
tion engines. The ignition quahty of cetane is about equal to that of 
cetene, C16H82, but it is claimed tliat it is more stable in storage. 

Since June, 1935 , when the A.S.T.M. recommended its use, the cetane 
scale has become practically universal in this country as a measure of igni- 
tion quahty. In Europe the use of the cetene number scale has been 
continued to date. 
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rv. THREE GROUPS OF TEST METHODS 

A. Bomb tests 

The primary objective with the crucible and bomb tests was to determine 
the self-ignition temperature of the fuel. It has been observed that fuels 
of high self-ignition temperature either fail to ignite at all in the engine, or 
if they do ignite there is a long delay with a corresponding combustion 
knock. So self-ignition temperature was taken for a measure of ignition 
quality. The Moore apparatus uses an open porcelain crucible heated in 
a furnace or solder bath into which drops of oil are admitted while the 
temperature of the crucible is raised by small increments until the fuel 
autoignites This method was simple and well adapted to laboratory 
practice. It was found (29, 6, 5, 4), however, that the self-ignition tem- 
peratures obtained with such an apparatus lie too close together and, 
furthermore, they do not rate fuels in the same order as their engine be- 
havior. This should not surprise us, if we realize that temperature is just 
one of the many factors that determine autoignition. Others are chamber 
pressure, air motion, fuel drop size, fuel-air ratio, and time lag of ignition. 
Bridgeman and Marvin (10) have shown that even the size and material 
of the crucible influenced the self-ignition temperature. 

Subsequent efforts have been directed at creating conditions in an igni- 
tion bomb similar to those in the engine, and improved ignition testers 
have been evolved. Such recent variants as Holfelder^s (22) and Michail- 
ovra’s (33) inject finely atomized sprays into heated dense air, agitated to 
simulate turbulence, and measure the delay of the ignition. The results 
obtained are comparable to and correlate well with engine tests. By the 
time the bomb has reached this perfection it has become so complicated 
that it now offers no advantage either in first cost or in ease of operation 
over the test engine. 

The ideal that self-ignition temperature as a characteristic property of 
the fuel would determine its ignition behavior did not materialize. 
Whether or not a fuel drop ignites at a certain temperature depends a great 
deal on how long the drop is exposed to that temperature and, furthermore, 
the time sensitivities of the various fuels are different. The determination 
of the maximum or minimum ignition temperatures, which correspond to 
zero or infinite time lags, respectively, is of theoretical interest, but the 
existence of neither of them has yet been proved. 

B. Engine tests 

The success of the gasoline knock-testing engine encouraged the search 
for a method that looks for an answer on Diesel fuel quality in the engine 
itself. The possibility of using the gasoline knock-testing engine unaltered 
suggested itself. From the reverse behavior of the fuel in spark-ignition 
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and (*oinpr(\ssi()ii-ignitioii engines it was not nnroasonal)l(‘ to expect that 
Diesel fuels would rank in the reverse* order as their octane numbers or 
directly as their “heptane numbers”. Om* jiractical drawback to this 
method has been tlie difficulty of carbureting heavy oils and the trouble* 
these oils causi* ui the engine by gumming, coking, crank(‘ase dilution, (*t(* 
Dumanois (14) overcame these difficulti(‘s by mixing 15 ])('r cent Diesel 
luel with reference gasoline The* knock rating eif sue*h mixtures in tlu* 
gasoline knock-testing engine was femnd to correlate fairly well with the 
b(*havior ol the he*avy oil in the Diesel engine But at the same turn* the 
t(*sts have shown (25) that it is toei much to heipe for a perfect reH*ipre)city 
in a spark-igmtion anel comiire\ssion-ignitie)n engine that would justify 
the* universal aeloptiem of the gaseiliiu'-testing medhod tor Diesed fuels If 
a larg(‘r margin of f'lTor is admissible* this simple method of rating Diese*! 
fuels IS r(*comm(*nd(‘d 

Then* is no apiiaratus that simulates tlie (‘ompression-ignition (*ngin(* 
conditions as much as a com))ression-ignition engine its(*lf. The use* of a 
compr(*ssion-]gmtion engine lor testing tlie ignition (juality of fuels start(*d 
in 1931 and attain(*d (‘onsiderable momentum rec(*ntly A variety of 
metlmds have b(*en used by Le M(‘suri(‘r and Stansfield (29), Boerlage and 
Broeze (6), Pope* and Murde_)e*k (40), Je)achim (27), Rendel (41), and 
Schw'e'itze*r anel Hetzel (47) In ])rine‘iple*, heiwTve*!*, all eif thevse agre*e*d 
The ignition quality as such is neit me'asure‘d by any engine* te‘st, but is einly 
ele*termine*el indirectly ein the basis of the behavior e)f the* luel m ihe test 
e*ngine in re*gard te) such charae*teristics as e'eimbustiein kneick, ignition lag 
rate* of pressure rise*, starting, or misfiring. 

A valid objection to engine* test ineThoels is that the* results they give* 
have no theorchcaJ signifie*ane*e*, and e*an not be e*x})re*sse‘d in terms of e)rdi- 
naiy ])hysie*al units How'eve*r, m view of the gre‘at practical significance 
ot tuel rating, this obj(*e*tion can be se*t aside as it was se*t asiele in the* e*ase 
ot knoe'k rating ol gasolin(‘s. 

Ane)the‘r obiectiem that has be*en raiseel against this tyjie e)f te*sting is that 
its ])rae‘tical significane*e is limited tei the type ot engine wath which the* 
tests have* be'(*n pertorme*el Doubts regarding the ge*neral nature* anel 
ap})he*ability ot the* ratings obtained by engine tests have be*e*n large'ly dis- 
jierseel by invest igatie)ns j)e*rfe)rmeel on a gre*at number eif e*ngine‘s by 
Boerlage anel Broeze (6), 8tansfie*ld (48), Joae*him (27), Mae‘Gre*gor, anel 
Good (31) The results have* shown (46) that (/) w ith few^ exc(*ptions, tor 
whi{*h the reasons are e*lear, all engines rate tuels in substantially the same 
eirder, (.?) the* re*sults obtaine*d in any engine are not unduly s(*nsitive te) the 
e*ngme fae'teirs such as amount of find, type* of spray, injection timing, ete* 
The*se statememts are rather gene*ral and do not apjily eejually to all types 
ot engine tests tliat ha\'e be*en pro])ose*d, f)ut ae*cumulatfHl evidence tends 



114 


r H SCHWbITZER 


to indu-atc that tlic l.chavjor of Diesel engines with regard to cetane rating 
Ks niueii more uniform than the hehaMor of spark-ignition engines with 
regard to oetaiu* rating 

1 Tc‘8t engine 

Broadly spc'akmg, any engine is .suitable for fuel testing. This faet was 
recognized by the Institute of Petroleum 'reelmologists (25a) by iiermitting 
the ii-e of any engine for the determination of fuel ignition quality. In 
this eoimtiv the e<, averted (’ F R engine, built liy the Waukesha Motor 



f"ir. 1 C’ F U eagiiie for Diesel fuel testing tlevelojied by the Waukeshn 
Motor Company 


( oinpaiiy, has hoiai used almost universally for fuel testing The engine 
is shoun in figure 1 and the eross sertion of the lu'ad in figure 2. It is a 
X 41", one-eylinder, four-eyele engine' with a swirl type combustion 
ehanihc'r pro\'ided vith an adjustment plug which permits changing the 
compression ratio betweim 6:1 and 28:1 An induction type generator 
supplies the load and maintains the speed constant Otherwise the engine 
is conventional except that it is provided with heaters for the intake air, 
cooling wate*r, and lubricating oil which permit keeping these at a pre- 
determined value. 
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The chief advantage of the Waukesha type of test engine is its variable 
compression ratio. An engine with a fixed compression ratio can only test 
fuels of a limited range, while the variable compression ratio not only 
enables the engine to burn a wide range of fuels but by suitable adjustment 
the engine can be made sensitive to the ignition quality of the test fuel. 

2. On the selection of a suitable ignition index 

In testing the ignition quality of fuels in an engine the fuels are compared 
on the basis of some suitable index such as knock, pressure, ignition lag, 
etc. The engine as a testing instrument cannot be expected to measure 
the ignition quality of a fuel in physical units. But a rating can be based 
on engine tests if the engine is able to indicate that one fuel has a higher 
ignition quality than another. With the use of the cetane scale the engine 



Fig. 2. Diesel variable compression plug. Optical delay method. Cross section 
of cylinder head showing mechanism for varying volume of combustion chamber. 


test is boiled down to answering the simple question: Are the ignition 
qualities of two given fuels equal? If not, which is higher? 

Several criteria can be used for answering this question. Those that 
have received wider attention are (f) combustion knock, (2) pressure rise, 
(8) rate of pressure rise, (4) ignition lag, (5) misfire, and (6) computed 
combustion knock. These will be discussed briefly: 

(I) Combustion knock is a factor with which the user is directly con- 
cerned. It can be judged from a casual inspection of the running engine. 
The aural observation, however, is too inaccurate to serve as a basis for 
test. Le Mesurier and Stansfield (29) compared fourteen Diesel fuels on 
the basis of audibility of combustion knock estimated by ear. In the 
Junkers engine, which had an integral combustion chamber, the compara- 
tive rating of the fuels was the same at any speed between 300 and 1000 
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R.p.M. On the other hand, in the McLaren-Benz engine, which is of the 
precombustion chamber type, the order of merit changed with the speed. 

Another difficulty with audibility tests is that it is not always easy to 
discriminate between combustion knock and other engine noises. To 
eliminate the latter difficulty and also the personal element in sound esti- 
mation, Carpenter and Stansfield (12) developed the strobophonometer, 
which measures the noise of a certain phase of the cycle by means of a 
mechanically driven selector and a suitable microphpne. The noise read- 
ings obtained with this instrument correlated fairly well with ignition lag 
measurements and rate of pressure rise measurements. 

{2) Pressure nse is frequently used as a measure of engine roughness. 
The maximum explosion pressure cannot be used as a measure of roughness 
(6), because an increase in intake air pressure increases the maximum 
pressure but at the same time makes the engine run more smoothly. It 
was also observed that the effect of fuel on the maximum pressure is in- 
definite. Good, bad, and indifferent fuels sometimes happen to have 
about the same combustion pressure rise. For these reasons pressure has 
never been considered as a suitable index of ignition quality. 

(3) Rate of pressure rise is defined as the derivative of the pressure on 
the basis of time or crank angle. It is an indirect measure of the rapidity 
of burning. It was observed that combustion knock is always accom- 
panied by a rapid rate of pressure rise. The correlation between shock 
audibility and maximum rate of pressure rise was found to be about 90 per 
cent (29, 45). The correlation between ignition lag and maximum rate 
of pressure rise was equally high. 

In early investigations maximum rate of pressure rise was determined by 
drawing tangents to crank angle base indicator cards. The observation 
was made that if the M.R.P.R. (maximum rate of pressure rise) is less 
than 30 lb. per square inch per degree of crank motion, the operation is 
smooth. The engine is liable to knock if the M.R.P.R. is above 60 lb. per 
degree and is almost certain to knock if the rise exceeds 100 lb. per degree 
crank angle. 

At present instruments are available which give the maximum rate of 
pressure rise directly, instead of deriving it from a pressure curve. By us- 
ing an electromagnetic pick-up in connection with a diaphragm in the 
cylinder head, the flexing of the diaphragm which follows the pressure 
generates voltage in proportion to the flexing (flux-cutting) velocity. 
This voltage can be impressed on a cathode ray oscillograph and the 
M.R.P.R. scaled as the maximum deflection of the light point on the 
screen. 

The Sunbury knock indicator (3), which has been introduced recently 
for knock rating gasolines, is using this principle. Here the magnified 
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output of the magnetic pick-up is fed into a damped millivoltmeter and 
the reading is a measure of the average rate of pressure rise. The use of 
this instrument for Diesel fuel testing deserves serious consideration. 

(4) Ignition lag is the time interval between the point of injection and the 
point of ignition. It has been used as the preferred index of ignition qual- 
ity since the investigations of Le Mesurier and Stansfield (29) and of Boer- 
lage and Broeze (6) have established the close relations that exist between 
ignition lag and fuel quality as evidenced by combustion knock and 
difficulty of starting. The shorter the ignition lag of the fuel, the more 
quietly the engine runs and the more easily it starts if other conditions are 
the same. The principle of most current methods of measuring ignition 
quality is to match the sample fuel with a reference fuel which has the 
same ignition lag in a standard test engine under standard operating condi- 
tions or in the user’s engine under the user’s normal operating conditions. 



Fig. 3. Definition of point of ignition (Boerlage and Broeze) 

The ease with which the ignition lag can be measured was no doubt a 
factor in its adoption for testing. In spring-loaded nozzles the beginning 
of the injection coincides with the beginning of the valve lift and can be 
determined very accurately by electrical means if the valve stem is ac- 
cessible, as it usually is. The ignition point, on the other hand, was 
obtained from the indicator card, which regularly shows a readily notice- 
able pressure rise where ignition sets in. 

While in most cases the determination of the ignition point from the 
indicator diagram offers no difficulty, in cases like that shown in figure 3 a 
more exact definition is needed. Ignition point is frequently defined as 
the point where the pressure rises above the compression pressure (point b, 
figure 3). Boerlage and Broeze (6) are of the opinion, however, that the 
ignition point so defined is not significant of the knock or of the ignition 
> quality of the fuel. They advocate the use of the first appreciable pressure 
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rise (point c, figure 3) as ignition point. Hetzel (19) has, in fact, shown 
by oscillograms that by successively decreasing the compression ratio the 
point of appreciable pressure rise occurred later and later while the point 
of initial pressure rise was the same. Ignition point has also been variously 
defined as the time of first flame formation as detected by the human eye 
on a photographic film (22) or by a photocell (44), but for routine testing 
this is probably still less significant, as incandescence is of no immediate 
concern. 

For the purpose on hand the definition of Boerlage and Broeze seems the 
most appropriate, although it is realized that in certain cases it must be 
arbitrarily decided when the rate becomes '^appreciable. 

{6) Misfire occurs if the compression ratio is not high enough to cause 
ignition. Since fuels of low ignition quality misfire at higher compression 



Pressure Time Diagram 

Fig. 4. Definition of compound combustion knock (Joachim) 

(explosion pressure rise)* 

‘ initial burning period X 10^ 

ratios than fuels of high ignition quality, misfire can and is being used as 
an index of ignition quality. In using the cetane scale the procedure again 
consists of matching the sample fuel with a reference fuel which misfires 
under identical conditions. A misfiring condition may be brought about 
by various methods. In a running engine one may reduce the compressioA 
ratio (if it is a variable compression engine), or decrease the intake air 
pressure (by throttling), or retard the injection timing, or decrease the 
jacket water temperature to the point at which misfiring occurs. The 
other alternative is motoring the engine with injection shut off until it 
reaches stable temperature. Then the ignition is turned on. If no igni- 
tion takes place the compression ratio (or the other factors) is raised until 
ignition does take place. The borderline of misfiring is thus determined. 

Two methods involving misfiring have become popular for fuel testing. 
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The C.C.R. (critical compression ratio) method (40) is using a motored 
engine, and the test is sometimes referred to as the starting test, as it 
simulates starting conditions. The throttling method throttles the intake 
air of a running engine until the engine misfires. This method sometimes 
is referred to as the altitude test. Both of these misfiring tests give a high 
correlation with the ratings obtained by the delay methods. 

(6) Computed combustion knock has been introduced by W. Joachim (27) 
and is defined as the product of the ^^explosion pressure rise^^ and the rate 
of pressure rise which takes place during the ^‘initial burning period^^ (see 
figure 4). Its numerical value is obtained by the formula 


Computed knock = 


(explosion pressure rise)* 
initial burning period X 10^ 


where explosion pressure rise is expressed in pounds per square inch and 
initial burning period in degrees crank angle. The formula has merit, 
and remarkably good correlation has been shown (31) between it and rat- 
ings obtained with conventional methods. Its chief disadvantage is that 
the ^finitial burning period^^ is seldom sharply defined and is frequently 
difficult to determine (34). 


3. Three requirements of a good testing method 

Any satisfactory testing method has to satisfy three requirements: (I) 
convenience, {2) reproducibility, and (5) validity. 

For convenience a testing method is preferred which is quick and simple, 
and does not require elaborate instrumentation and numerous delicate 
adjustments. 

It is only a truism that a good testing method should give reproducible 
results. It is no less a truism that a properly standardized test cannot but 
give reproducible results. The essence of the matter, however, is that it 
is not desirable or even possible to standardize a great number of factors 
to an absolute accuracy, with no tolerance permitted. If slight variations 
in some factors cause a great variation in the test result, the reproducibility 
is poor. The same term is applied if the test result is affected by factors 
the control of which is difficult or impossible. The term ^ Reproducibility^ ^ 
is used in this sense in this discussion. 

“Validity” means that the results of the test are representative and give 
exactly the information the observer is seeking. If the observer is in- 
terested in the wear resistance of a metal, the Brinell hardness test is 
valid, but a test of tensile strength is not. It is not easy to determine the 
validity of a test on ignition quality, because we have no exact definition 
of what ignition quality is. It is generally understood that Diesel fuels 
of high ignition quality start more easily, run more smoothly, and begin 
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to misfire later than fuels of low ignition quality. But there is no con- 
clusive evidence that these three things mean one and the same thing and, 
for that matter, we do not even know what any one of them means. The 
fact that has been established by numerous investigations is this: If by 
any arbitrary tests a group of fuels is ranged in the order of their resistance 
to misfire, then in the order of their ease of starting, then in the order of 
their smoothness of running, the three orders will be not exactly, but sub- 
stantially, the same. It also has been shown that engines of various types 
and sizes rate the fuel in substantially the same order. These observations 
form the justification of the ignition quality testing. But not every test 
shows equally good correlation. The validity of a testing method will be 
considered high if its correlation is high with other tests and tests on other 
engines. The behavior of the fuels in service engines is considered most 
significant from tlie standpoint of validity. 

To judge the various fuel-testing methods that have been proposed they 
are to be examined as to the extent to which they satisfy the three basic 
requirements of convenience, reproducibility, and validity. Some of these 
can be decided even without considering the details of the particular testing 
technique. 

Tests based on the audible knock have not been used to any extent in 
routine testing because they are inconvenient. No simple measuring in- 
strument is available for the purpose. 

Tests using the maximum pressure or combustion pressure rise for index 
of ignition quality must be ruled out on the lack of validity. 

Maximum rate of pressure rise, on the other hand, correlates fairly well 
with valid indices, and the test can be made conveniently with simple 
instruments. While this type of test has not yet been proposed formally 
we have given considerable attention to it. As a result, the author^s 
opinion is that the weakness of the M.R.P.R. test is its poor reproducibility. 

For perfect reproducibility the engine and operating conditions have to 
be standardized with any testing method. But a desirable ignition index 
is one that is most sensitive to fuel quality and least sensitive to engine 
factors, particularly to those that are difficult to control. 

The more important engine factors are as follows: engine speed, jacket 
temperature, inlet air temperature and pressure, compression ratio, com- 
bustion chamber shape, injection timing, injected fuel quantity (load), and 
nozzle opening pressure. Of these, injection timing seems to give the 
most trouble. 

On many engines the injection timing can be controlled and read, on 
some it can be controlled but not read, and on some others it can be neither 
controlled nor read. Test engines as a rule permit setting the injection 
point at will, but an error of up to 0.5® can be committed easily. When 
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changing from one fuel to another of different viscosity or gravity, the 
injection advance angle changes with unchanged injection setting. For 
these reasons an index of ignition quality which is not unduly sensitive to 
injection timing is clearly preferred. 

4. Effect of injection timing 

Injection timing in an engine is controlled ordinarily by the fuel injection 
pump, but the beginning of pump delivery should not be taken as the 
beginning of the injection. The actual injection, corresponding to the 
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Fig. 6. Effect of injection timing on ignition lag and maximum rate of pressure rise 

(arbitrary scale) 

Fig. 6. Effect of injection timing on ignition lag in various types of engines. 
Curve 1, open combustion chamber, slight air swirl (Dicksee); curve 2, divided 
combustion chamber, moderate air flow (Dicksee); curve 3, divided combustion 
chamber, vigorous air flow (Dicksee); curve 4, open combustion chamber, negligible 
air flow, Bosch pump (N.A.C A ); curve 6, open combustion chamber, negligible air 
flow, N A.C.A. pump (N.A.C. A.); curve 6, open combustion chamber, negligible air 
flow, earlier N.A.C. A. pump (N.A.C. A.). 

exit of the first drop of fuel from the spray nozzle, always takes place later, 
the injection lag varying with the injection tube length, engine speed, fuel 
viscosity, injection quantity, etc. Therefore a fixed pump injection does 
not mean a constant injection timing. The injection point may vary 5 
degrees crank angle or more according to engine speed, fuel viscosity, injec- 
tion quantity, etc. 

The effect of the injection advance angle on the maximum rate of pres- 
sure rise is erratic. Figure 5 is an example, where the waved line shows 
the maximum rate of pressure rise in an arbitrary scale and the heavy line 
I the ignition lag in degrees crank angle. When the injection is advanced 
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from top center to 12 degrees before top center the M.R.P.R. rises, because 
the combustion approaches constant volume conditions. But at the same 
time the ignition delay period is also advanced, coming closer and closer 
to the high temperature zone near top center and becoming shorter and 
short-er. The shorter ignition lag reduces the amount of vaporized fuel 
accumulated at the moment of ignition and tendvS to reduce the rate of 
pressure rise. Indeed, if the injection is advanced beyond 17 degrees, the 
latter effect predominates and the M.R.P.R. falls. If the injection is 
advanced still farther, the ignition delay period is ahead of the hot top 
center zone, and consequently the M.R.P.R. increases again because of the 
excessive ignition lag. 



Fig. 7. Effect of compression ratio on ignition lag and maximum rate of pressure rise 

The effect of the injection timing on the M.R.P.R. is complex. It will 
be noted that the latter jumps suddenly between 12 and 14 degrees before 
top center, which is the customary injection timing. 

Figure 5 refers to a turbulent chamber engine. In non-turbulent 
engines the variation of the M.R.P.R. with injection timing is still more 
erratic (46) (figure 11). If M.R.P.R. were used as an index of ignition 
quality, the injection advance angle would have to be held within close 
limits. 

Of course ignition lag is also affected by the injection timing but to a 
much lesser degree, as is seen in figure 5 and also in figure 6, which are 
reproduced from another paper (46). With the normal injection advance 
the ignition lag is close to its minimum and therefore insensitive to slight 
variations in timing. 

The maximum rate of pressure rise shows a similarly erratic behavior 
with regard to compression ratio. In figure 7 the wavy line is the M.R.P.R. 
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at an arbitrary scale and the heavy line is the ignition lag in degrees crank 
angle, as they vary when the compression ratio is varied from 10:1 to 
24:1, while ignition always takes place at top center. When the compres- 
sion ratio is about 12:1, three different compression ratios correspond to 
a single M.R.P.R. 

Experiments have shown that the validity of the M.R.P.R. index is also 
poor. N.A.C.A. tests (38) revealed cases where a change in air flow caused 
ignition lag and combustion knock to decrease and at the same time the 
rate of pressure rise to increase. It has also frequently been observed that 
an increase in intake air pressure or temperature increases the M.R.P.R., 
although at the same time ignition lag and combustion knock go down. 

At extreme conditions the M.R.P.R. index fails to respond. We have 
measured the ignition lag and M.R.P.R. of the primary standard reference 
fuels at 24:1 compression ratio, 200®F. intake air temperature, and 9 in. 
of mercury supercharge. The results are tabulated in table 2. The table 

TABLE 2 


Measurement of ignition lag and M R.PJi of the primary standard reference fuels 
24:1 compression ratio; 200®F intake air temperature; 9 in. of mercury supercharge 



CBTANB 

NUMBBB 

IGNITION LAG 



FT7BL 

Degrees 

crank 

angle 

MUli- 

Beoonds 

M.R.P R. 

AUDIBUB KNOCK 

Cetane 

100 

4.8 

0.9 

21 

Very smooth 

Alpha-methylnaphthalene 
Straight-run Mid-Continent 

0 

8 

1 48 

25 

Very rough 

gas oil . 

55 

6 

0 93 

20 

Very smooth 


shows that under conditions that are extremely favorable to combustion 
the difference between the best and the poorest fuel is still very pronounced 
to the ear and quite pronounced in ignition delay but fades away in the 
maximum rate of pressure rise. 

Ignition lag is a convenient index of ignition quality when determined 
with the instrumentation to be described later. The reproducibility of 
the results is satisfactory if ordinary precaution is exercised. The recent 
report of the Volunteer Group for Compression-Ignition Fuel Research (2) 
showed an average deviation of 1.7 cetane numbers for twelve fuels and 
twenty-two laboratories using delay methods. This will, no doubt, be 
further reduced with improved instrumentation. 

The validity of the results obtained with the ignition lag method cannot 
be decided conclusively as yet, but reports available (6, 48, 31, 37, 2) indi- 
I cate that it is of a high order. 

Misfiring is a most convenient ignition index inasmuch as it needs hardly 
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any instrumentation. It is simple to throttle the intake air on any engine 
until misfiring occurs. Of course the range of fuels that can be tested in 
this way is rather narrow, unless the compression ratio is varied. The 
objection to this type of test is that an engine running a great deal on the 
borderline of misfiring deposits so much soot that frequent cleaning is 
necessaiy. This is obviated by the C.C.R. method, which uses a motored 
engine and allows injection only during a few revolutions. The lowest 
compression ratio at which firing takes place is the ignition index. 

There is, however, a certain conflict in the C.C.R. method between 
convenience and reproducibility. To obtain reproducible results, the heat 
and the residual gas condition of the engine must be strictly identical. A 
trial injection, however, upsets the equilibrium, whether it results in firing 
or not. Therefore an extremely rigorous routine must be maintained 
which involves considerable loss of time incurred during the waiting peri- 
ods. These difficulties were greatly r^^lieved by a special injection control 
device designed by MacGregor (30), which automatically by-passes thirty 
out of every thirty-two injections. 

With regard to validity the record of the misfiring method is better than 
fair (48), but the motored engine seems to be somewhat behind the running 
engine as far as correlation with the delay rating is concerned. The recent 
Volunteer Group Report (2) showed that the C.C.R. ratings were generally 
2 to 3 cetane numbers higher than the ratings by the delay method except 
for the doped fuels which were shown up poorly by the C.C.R. method. 
Since the cylinder walls are cooler and the ignition lag is nearly 180 degrees, 
the C.C.R. test may represent starting conditions rather than those of a 
running engine. 

Not much can be said in favor of the ^'computed combustion knock^^ in 
regard to convenience. It involves a laborious evaluation of indicator 
cards. No data are available to estimate its reproducibility. Its validity 
is of a high order, according to recent reports (37), as it gives good correla- 
tion with ignition lag ratings for both doped and undoped fuels. 


C. Physicochemical methods of fuel rating 

More space has been given to engine ratings because they alone are 
considered authentic, but physicochemical methods of fuel rating are also 
of interest. 

The most popular indices in use are (i) the Diesel index with the formula 


Diesel index = 


A. P. I. gravity X aniline point 
100 


(£) the viscosity-gravity index with the formula 


G « 1.082A - 0.0887 + (0.776 - 0.72A) log log {KV - 4) 
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where A = viscosity-gravity index, 

G = specific gravity at 60°F., and 
KV = kinetic viscosity at 100®F. in millistokes, 
and {3) the boiling point-gravity index with the formula 

G = ^ + (68 - 0.703^) log B.P. 

where A = boiling point-gravity index, 

G = A.P.I. gravity at 60®F,, and 
B,P, = 50 per cent distillation point in ®C. 

The correlation of these chemical indices between themselves and with 
engine tests has been investigated by Hubner and Murphy (25), Schweitzer 
and Hetzel (47), Yamazaki and Ota (52), and the U. S. Naval Experiment 
Station (37). Applied to petroleum products all three indices give fairly 
good correlation with engine tests, but they generally fail on doped fuels or 
oils of vegetable origin. Specifically the addition of a small per cent of 
ethyl nitrate increases the cetane number of a 50 cetane fuel about 8 ce- 
tane numbers per 1 per cent of ethyl nitrate added (37), but the change in 
all three chemical indices occurs in the wrong direction. 

Nevertheless the physicochemical indices fill a useful place, as they 
permit estimation of the ignition quality of the present commercially 
available fuels from simple physical and chemical data that are either 
available or can be determined with little trouble. None of the present 
indices is, however, good enough to take the place of the engine testing 
when accuracy is essential. Another consideration is that fuels which are 
now in use may not be typical in the future. The use of dopes, hydrogena- 
tion, polymerization, oils of coal and vegetable origin, and other unforeseen 
developments may so change the Diesel fuel picture that no empirical 
rating can be relied upon. 

V. DEVELOPMENT OF TESTING TECHNIQUE 

The discussion in the foregoing section attempted to explain why the 
variety of methods available for testing the ignition quality of Diesel fuels 
has narrowed down to a few alternatives of the engine delay method. All 
of the methods that enjoy some recognition at present are based on the 
ignition lag index. The dilferences are minor and concern technique and 
instrumentation. A description of four of these methods — the indicator, 
the knockmeter delay, the Socony-Vacuum, and the Penn State method — 
is suflScient to cover the field. 

{1) The indicator method is still the moat popular in Europe. The igni- 
tion lag is determined from an indicator card on which by a special device 
the beginning of the injection is marked. The marking device is ordinarily 
actuated by the needle valve stem. If under identical engine setting the 
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sample fuel gives an ignition lag equal to that of a certain reference blend, 
the concentration of the high reference fuel is the rating. The reproduci- 
bility of the indicator method is about 3 cetane numbers. The chief dis- 
advantage of the method is its inconvenience * it is too laborious for routine 
testing. 

(2) The knockmeter delay method has been used predominantly by the 
Volunteer Group for Compression-Ignition Fuel Research, after the pro- 
cedure had been worked out, principally by T. B. Rendel. It uses the 
converted C.F.R engine and an instrumentation shown schematically in 
figure 8. The apparatus includes a neon lamp which rotates with crank- 
shaft speed, a contactor actuated by the opening of the nozzle to flash 
the neon lamp to indicate the time of injection, a protractor to show the 



Fra. 8. Schematic circuit u^ed with the knockmeter delay method 

angular position of the flash, a modified bouncing pin which rests on a 
diaphragm in the cylinder head and which upon bouncing separates two 
contact points and interrupts the flow to the knockmeter, a knockmeter 
which is a heavily damped thermocouple type voltmeter, and a mechanical 
interrupter on the end of the fuel pump shaft to start the flow of current 
through the knockmeter. A direct current is passed through the inter- 
rupter, bouncing pin and knockmeter circuit and the dial indication is read. 
Two reference fuels, one giving slightly greater and one a slightly smaller 
knockmeter reading, are found by trial, and the unknown fuel is given a 
rating by interpolation. 

The underlying principle is good. The knockmeter provides a con- 
venient averaging if the injection or ignition points are erratic. In its 




METHODS OF RATING DIESEL FUELS 


127 


present form the method is highly standardized; the procedure is printed 
in Appendix I (see page 138). 

The convenience and reproducibility of this method are adversely 
affected by the use of the bouncing pin. The friction between pin and 
barrel and the arcing between the contact points causes irregular action, 
unless a multiplicity of adjustments listed in the procedure is continuously 
attended to. 

The use of the knockmeter is not as advantageous as it might at first 
seem. The integrating effect is of advantage if there is much spread in 
the ignition point of the successive cycles as with spark-ignition engines, 
but in a clean and properly operating Diesel engine the cycles repeat re- 
markably well and the spread in the ignition point is insignificant. How- 
ever, the heavily damped knockmeter slows up the testing considerably 
(45). In changing fuels flushing of the line is discouraged because the 
absence of firing of only a few seconds puts the knockmeter hand off the 
scale, but with resumed firing equilibrium conditions are resumed very 
slowly. 

In spite of these shortcomings the reproducibility of the knockmeter 
delay method is quite satisfactory. From the last report of the Volunteer 
Group (2) the average deviation of the knockmeter delay ratings was 1.8 
cetane numbers. If, nevertheless, the same report recommends that 
. the bouncing pin type of instrumentation should be definitely dis- 
carded in favor of the balanced diaphragm or the magnetic pick-up type,” 
the recommendation is based more on the inconvenience than on poor 
reproducibility. 

(5) The Socony-V acuum method, devised by C. H. Schlesman, uses a 
balanced pressure diaphragm in place of the bouncing pin, but otherwise 
uses the same engine operating conditions as the bouncing pin delay 
method. The following description is from the report of the Volunteer 
Group (2). 

“An insulated contact is placed on the tip of the injector feeler pin. A slight 
rise of the valve makes a contact which starts an electric current flow. A balanced 
pressure diaphragm is placed in the bouncing pin hole in the engine head. Pressure 
on top of the diaphragm is arbitrarily maintained at fifty pounds above compression 
pressure by connection to a CO* bottle. Combustion pressure causes contact to be 
made which stops the before-mentioned electric current flow. The successive delay 
times or current times are averaged by means of a special type condenser and a 
vacuum tube voltmeter. The start of injection is visibly indicated by a neon flasher 
and flywheel pointer which shows the injection time in degrees on a flywheel pro- 
tractor for each cycle. 

‘^Details of the apparatus may be obtained from the Socony-Vacuum Oil Corpora- 
tion. Comments of those who have used the apparatus are very favorable in regard 
to ease of handling and the results compare well among themselves and also with 
averages by the bouncing pin delay method." 
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While the Socony-Vacuum method is no doubt superior to the knock- 
meter delay method in convenience, in reproducibility it is a little inferior, 
showing an average deviation of 2.1 cetane numbers from the ‘^true^^ values. 

(4) The Penn State method was devised by Hetzel and Schweitzer (20). 
In this method the bouncing pin was replaced by an electromagnetic pick- 
up, such as is used for phonographs and radio speakers of the magnetic 
type. A short stiff wire resting on the diaphragm transmits the motion 
of the diaphragm to the armature of the pick-up. The electromotive force 
generated in the coil surrounding the armature is used to control the opera- 
tion of a thyratron tube. When the velocity of the diaphragm is high, 
as at the time of ignition, the thyratron relay trips and causes a neon lamp 
to flash. The timing of the flash is read on the protractor. 



Fia. 9, Circuit of Hetzel and Schweitzer’s magnetic pick-up ignition indicator 


The circuit is shown in figure 9. The current generated in the coil 
reduces the negative voltage on the grid of the thyratron tube, thereby 
causing it to conduct, and permits a condenser to discharge. The current 
thus passing to the plate of the tube goes to a coil, which in turn sends a 
flash through the neon lamp. The neon lamp flashes once in every cycle, 
at the moment the velocity of the pick-up motion reaches a predetermined 
magnitude. At any other time the voltage generated is insuflicient to 
trip the thyratron relay, and the neon lamp remains dark. 

A pick-up identical with the one described is mounted on the end of the 
needle valve stem and indicates the injection. A small neon lamp of the 
low voltage type is connected to each pick-up and mounted on the fly- 
wheel, which is provided with a stationary angle scale for reading the 
position of the neon flashes to an accuracy of 1 /10th of a degree. 
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The mechanism of the pick-up is practically frictionless. No electric 
contacts are used, and therefore troubles with arcing and pitting are 
eliminated. The wire and armature have a high natural frequency, so 
that they follow faithfully the motion impressed upon them. Both pick- 
ups are claimed to be insensitive to rough handling and to the manner in 
which they are mounted. 

The technique followed in conjunction with the magnetic pick-ups is 
known as the ^‘fixed ignition lag method.'^ The injection timing is kept 
at, say, 18 degrees crank angle before top center. Ignition is always to 
occur at top center exactly. For low cetane fuel the required compression 
ratio to produce top center ignition (after 18 degrees ignition lag) is high; 
for high cetane fuels it is low. By moving the adjustable plug the com- 
pression ratio is adjusted until the neon lamp indicates ignition at top 
center. 
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Fig. 10. Calibration curve of the required compression ratio versus cetane number 


If the R.C.R. (required compression ratio) of the test fuel is equal to 
that of the reference blend, the ignition qualities of both are equal. Abso- 
lute matching may not be easy to obtain, but the unknown fuel can always 
be bracketed between two reference fuels and the rating approximated by 
interpolation. 

If a number of samples are to be tested in one day, the use of a calibra- 
tion curve is economical. By testing a number of the reference blends and 
noting the R.C.R. for each blend, a curve of R.C.R. versus cetane number 
is plotted on cross section paper. By determining the R.C.R. of the un- 
known fuel and marking it on the calibration curve, its cetane number can 
be read. Figure 10 is a typical calibration curve obtained under the 
operating conditions listed in Appendix II. For approximate rating a 
permanent calibration curve can be used. For accurate rating, however, a 
“day curve^^ or bracketing is necessary. 

The advantages claimed for the Penn State method are the speed and 
accuracy with which the tests are performed and the simple reliable appa- 
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ratus which is used. All of the waiting associated with the other methods 
is eliminated, so that eight fuels can be rated in an hour, as compared with 
twelve per day rated by the indicator method (6) or one per hour rated by 
the knockmeter method (42). The Volunteer Group Report listed the 
reports of eight laboratories using the Penn State method and its modifica- 
tions. The average deviation of these from the “true^^ ratings is calculated 
as 1.42 cetane numbers, which is less than that of any other method used. 

VI. STANDARDIZATION OF OPERATING CONDITIONS 

Although the ignition lag methods are not very sensitive to operating 
conditions, better reproducibility is attained if the operating conditions 
are standardized. A list of operating conditions recommended by Hetzel 
(19) is printed in Appendix IL 



Fiq. 11. Effect of engine speed on ignition lag 

In selecting operating conditions under which the tests are to be con- 
ducted, the following three requirements should be satisfied as far as 
possible: (i) the conditions chosen should be typical of usual commercial 
engine practice, { 2 ) they should be easy to maintain in the test engine, 
and (5) such values should be chosen that slight variations from the stand- 
ard value will have a minimum effect on the results of the test. 

Figure 11 shows that the effect of engine speed on ignition lag is small 
and its effect on rating probably negligible. A test speed of 900 r.p.m. is 
satisfactory. 

Hetzel has found (19) that the effect of jacket water temperature on the 
ignition lag is quite pronounced, but the ratings obtained with 210°F. and 
328®F. jacket water temperature seldom differed by more than 1 cetane 
number. A temperature of 210®F. is recommended, as it is easy to main- 
tain with evaporative cooling. 

Hetzel made a similar observation about the intake air temperature. 
Ratings obtained with 100°F., 150®F., and 200°F. air temperature seldom 
differed by more than 1 cetane number. Therefore the Volunteer Group 
standard of 150®F. is acceptable, although higher than is found in practice. 
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The effect of the lubricating oil temperature has never been investigated. 

For ignition point, top center was found highly satisfactory, because it 
makes ignition pressure rise distinct and easy to identify. Incidentally, 
with ignition at top center ignition lag is about minimum (see figure 6), 
therefore a deviation in injection timing will cause minimum deviation in 
ignition lag. Hetzel investigated the effect of the ignition point ( — 4°C. to 
+2°C.) on both the ignition lag and rating and found the former to be small 
and the latter negligible. 

For ignition lag Hetzel recommends 18 degrees, as against 11 degrees 
recommended by the Volunteer Group and 15 d^'grees recommended by 
W. G. Ainsley. In the selection the following considerations deserve 
attention. 

The ratings themselves are practically independent of the ignition lag 
used in the tests performed with the fixed ignition lag method. Hetzel 
tested sixteen fuels with 10, 12, 14, 16, and 18 degrees ignition lag each. 
The maximum deviation from the mean was always less than 1 cetane 
number and the average deviation was only 0.36 cetane number. The 
disadvantage of the short ignition lag is that low cetane fuels require very 
high compression ratios for testing. The disadvantage of the 18 degrees 
ignition lag is that it is longer than the usual ignition lag in commercial 
engines. HetzeFs compression ratios were, however, unnecessarily high, 
because he used unnecessarily small injection quantities. More will be 
said about this later. With the proper injection quantities a standard 
ignition lag of 15 degrees seems very acceptable. In testing fuels of 30 
cetane number or less, the ignition lag may be increased to 18 degrees and 
the results will still be comparable. 

The nozzle valve opening pressure is tied up with the nozzle and the 
injection line. It may be anything between 1200 and 2500 lb. per square 
inch, provided the injection is regular. Double injections make testing 
difficult. Hetzel obtained regular injections with 1300 dr 100 lb. per 
square inch with a Bosch nozzle DM30S3 and a tV i^^- x 25 in. tube. 
For a given nozzle and tube the proper opening pressure can be determined 
by indicating the needle lift with a pick-up and oscillograph. In the range 
mentioned the ignition lag is independent of the opening pressure. 

Fuel quantity injected per cycle has a greater effect on ignition lag than 
was suspected. Figure 12 shows the relation for a 55 cetane number fuel. 
Hetzel chose a fuel quantity as small as 20 mm.«, ^^because this is sufficient 
to give regular injections, but is not so much as to produce violent com- 
bustion when poor fuels are burned. However, at low compression ratios 
the ignition lag is very sensitive to the injected fuel quantity, especially 
if the latter is small. This by itself is a disadvantage. The tentative 
standard of the Volunteer Group is 13 cc. per minute or 29 mm.® per injec- 
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lion. Figure 12 shows that injection quantity should be increased at least 
to that amount which would bring it closer to the flat non-sensitive region. 
It also has the further advantage that it would reduce the required com- 
pression ratio and make the ignition lag standard of 15 degrees more 
attractive. Of course an increased injection quantity requires more 
frequent cleaning of the engine. 

The potentiometer settings should be such as to give earliest indications 
of injection and ignition, respectively In exceptional cases it is possible 
to obtain “combustion flash’' on compression alone, therefore as a precau- 
tion the ignition potentiometer setting should be checked so that with 
injection cut off no flash occurs. With ignition at top center the combus- 



Fig. 12. Effect of injection quantity on ignition lag 

tion pressure rise is so rapid that the ignition lag read is almost independent 
of the potentiometer setting and no precise adjustment is necessary. 

VII. PRESENT STATUS OF DIESEL FUEL TESTING, TECHNICALLY AND 

COMMERCIALLY 

In this country the working out of a method for testing Diesel fuels on 
ignition quality is in the hands of the Volunteer Group for Compression- 
Ignition Fuel Research, in which all major oil companies are represented. 
Under the chairmanship of T. B. Rendel this organization has worked 
hard for two years to solve the problem, and it is near to its goal now. It 
is predicted that within a short time this group will be prepared to submit 
to the A.S.T.M. a tentative standard for adoption. 

There is universal agreement that Diesel fuels be rated for ignition 
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quality in an fh^jhio on tli(‘ basis of t!)oir i^>;inti()ii dolay and that tho ratinj> 
bo expressed in tf'nn.s ot e(‘tane numbers There is almost iinncnNal 
agreement that the higli turbulent Diescd eonv(‘rsion of tlie (' F K engiiK' 
shall be used for testing Although the non-turbiilent ty])e of engine has 
an advantage^ for fuel testing in being more* sensitive' to ignition quality^ 
this is ov(‘rweig}jed by the taet that the' jxqnilar high-sjieed Diest'l engines 
in this country are ot the tuibuhait type 



Tht' only item still lett ojien is the f'xact tyjx' of instrumentation, but 
('\ (‘11 then'in considerable' progri'ss has fieeai mad(‘ latc'ly. The bouncing 
]>in has been d(‘finitely discardeal m favor of the balanced diaphragm or 
magnetic ])ick-uj) ty])e of instrumc'iitation The latter type has b(‘en 
simjihfied and mad(‘ more conveiiK'iit by the American JnstrunK'iit (Vmi- 
pany. 3'h(' American instrument ('inploys the simplified wiring shown in 
figure 13, designed b} E. L Alcorn, Jr, and J S. ('handler, and an im- 
jiroved protractor in \Uiich the iiiji'ctioii iH'on lamj) and ignition neon lamp 
are displaced by 15 degr(‘(*s (an 18 flegrcM' offset can also be used). If the 
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r'(»in})i(‘^sn)n inlio l^ ])H)p(‘ily .‘nljii^tocl for the fuel, tlu^ two ii(‘on fla>hes 
:i})})e{ir a MU^le luminous Iiik' 

Fi^me 1 \ show^ tlie piek-up^ iuountc*(l on th(‘ (' F K en^iiK^, wliih* figure 
].> ^hf)\\^ the encased (‘leeti ojik* r(‘lay, \\eighin^»‘ 7 5 II) 

In iMiiop** th<‘ I )ies(‘l tuel t(‘Ntnij» is lar^i'ly in tlu' hands of th(‘ lustituti* 
ot P(‘(rol(‘urn d’ei'linolojri^ts d'h(‘ Institute' a|;re(‘> ^Mth the' Anu'ne'an 
\ e)hnde<'t (lomp in 1 lu' pi iiu'iph' of eaigine' ine'thoel hase'el on ij>nitie)n ele'lay, 



I'n. 1 1 \jniiico ]*crin St;it<* ignition lu^ iiidicatoi inountf'd on a 
(’ I’ K Dh'm'I fuel-tostmii; on^:in(> 


hilt le'ave'- opi'ii to the* te'stca the' e'lie)ie(‘ of e‘nju,ine' and the' lustrunie'utation 
Ai'eorehnii to the' I P d" plan the ratnif^s are* r(*j)orte‘el in i^^nitie)!! nund)ei*s, 
ohtaine'el he ('\|)i('s.>inft the* pi'ie'entaj^e* of the* hif^h ij>,nitie)n epiality iefe*i- 
e'liee' tue'l in the leiw ij^iiition epiality refere'iie'e* fue’l, dn ide*d hy te'ii and 
) e'j)ort in^i; to the* nc'are’st liall nunihe'r The* I P d' diseejurage*s the use e)f 
prunaiy ie*t(*r(*n('e' iuf'ls (('(‘tc'iie*), and fa\e)rs the use* of s(*ee>ndary re*fe*re*ne‘e' 
lue'ls on ae'e'ount ot the* nu)ie* e*e>nsisteiit re'sults e)htaine*el the'rehy e)u a 
\aiie'ty oi tvjx's e)i e'ugnu's ddie* \ e)hint(*e'r Cirouj), lu)^^e*^e'l^ de)e'> not 
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roiisuler it pi’actical to ado])! .so(*oiidary loli'naici luols o\'('r a long period 
of time and lavors the n.se of ])riinary refereiie(‘ fiu'ls sueli as e(‘tan(‘ and 
a]])ha-inethylna])hthal(‘ne 

It IS notal)I(' that vvliile i)i(\s('l iuel t(‘stnig is inon' ad\ane('d in this 
eountry than abioad, in tli(‘ ns(‘ of Oiesi*! iuels we are far h(‘hind. This 
i(‘l(‘rs to aiitoinot i\ a])])heation, espc'cially to trneks and hiissi's 
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APPENDIX I 

Tentative Standard Operating Conditions and Procedure for Delay Period 
Method of Rating Diesel Fuels 


i. operating 

1. Engine speed . . 

2. Cylinder 

3. Jacket temperature 

4. Cooling liquid . . 

6. Inlet air temperature 

6. Crankcase lubricating oil 

7. Oil pressure 

8. Valve clearance . 


conditions 
900 ± 3 R.p.M. 

High turbulence variable compres- 
sion Diesel cylinder 
Constant within cfcUF.; limits 206- 
212“F. 

Distilled water 
. 160 =fc 2"F. 

. 8. A. E. 80 

25-30 lb. per square inch 
/ Intake 0.008 in. cold 
(Exhaust 0.010 in. cold 
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9. Injection advance 
10. Injection pressure 

11 Fuel quantity 

12. Injector cooling— water temperature 

13. Injector specifications 

14. Injection pump specifications 


15. Fuel line — tank to pump 

16. Fuel Lne—pump to injector 

17. Fuel tank height 

18. Knockmeter generator voltage 


10®BTDC (constant) 

1500 50 lb per square inch (opening 

pressure) 

13.0 rfc 0.5 cc per minute 
100 d- 5°F. 

Bosch DN30S3 

Bosch PE1B5()A302/3S97, port clos- 
ing at 0 075" ± 0.005" lift from base 
circle 

3/8" copper tubing 
1/4" O.D ; 1/8" I.D.; length 36 in 
25" =t 1" from bottom of tank to 
pump inlet 
120 ± 1 volts 


II. PROCEDURE 

A. Starting and stopping the engine 

While the engine is being turned over by tne electiic motor, the fuel by-pass valve 
on the injector is closed, and the compression ratio is increased until the engine 
begins to fire 

To stop the engine, the fuel by-pass valve on the injector is opened and the electric 
motor then switched off. 

B. Checking injection pump for port closing 

The pump plunger port should close when the plunger has traveled up 0.075" 

0.006" from the baae circle of the cam. This setting is important, as it influences 
the injection rate. To check the port closing see paragraph jit 14 under "Installation 
Instructions " This adjustment is made m the factory and should not require 
resetting unless it has been tampered with. 

C. Injection pressure setting 

Remove injection pump cover and with injection line pressure gauge connected 
and injector arranged to spray into the air operate the pump plunger with a screw 
driver used as a lever. With the pressure gauge set at 1500 lb per square inch adjust 
the pressure on the injector spring until equal quantities of fuel spray from the gauge 
and injector. The opening pressure of the injector will then be the same as indicated 
on the gauge. 


D. Injector indicator setting 

1 Loosen the contact spring carrier clamp nuts and adjust until the spring leaf 
just touches the injector pm Then set the clamp nuts to provide i turn initial 
tension on the spring 

2. Adjust the gap between the contact points to 0 004". 

E Bouncing pin preliminary static setting 

Make static bouncing pin setting as follows: 

1 Set gap between pin and arm 0.005" with gap adjusting screw, 

2. Bear down lightly on the end of the contact arm spring so that the arm is held 
on its seat. Adjust the spring tension screw until the screw just touches the spring. 
Then increase the tension by turning the screw down five notches. 
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F. Final compression ratio and bouncing pin adjustment 

After the engine has reached equilibrium the compression ratio and bouncing pin 
setting at which an unknown fuel is rated are determined as follows: 

1. Adjust the compression ratio about two compression ratios above that at which 
definite misfiring occurs. 

2. With the engine firing, close the bouncing pin gap between pin and arm by 
turning the adjustment screw up until two distinct lines appear ahead of the *‘bump'* 
on the optical indicator diagram. (This indicates that the bouncing pin arm is 
deflected by the compression pressure before combustion.) 

3. With the engine firing, increase the bouncing pin gap between pin and arm by 
turning the adjustment screw down until the double line on the optical indicator 
just coincides with the base line. (This indicates that the bouncing pin arm is not 
moved by compression pressure, but is deflected the moment compression pressure 
is exceeded by combustion.) 

4. Observe the angle at which combustion starts. The correct angle of combus- 
tion for making a rating is 1° after top dead center. Readjust compression ratio 
until this condition is obtained. 

5. After a change in compression ratio, readjust the bouncing pin as outlined in 
paragraphs 2 and 3 above. 

6. If the indicated angle of injection after the final bouncing pin setting has 
shifted more than J°, readjust the compression ratio and pin as outlined above. 

7. Check the regularity of the bouncing pin on the neon tube indicator. If the 
angle of combustion fluctuates more than ±1°, adjust the bouncing pin tension screw 
by trial until steady readings are obtained. 

6, Adjustment of contact breaker 

The make and break points in the knockmeter circuit should be adjusted for an 8® 
contact period, as determined on the neon tube indicator. This can also be indicated 
on the knockmeter and should produce a reading of 80 to 100 on the scale when the 
generator voltage is 120 and the engine is not firing. The breaker timing should be 
adjusted to make contact approximately 2® before top dead center as indicated on 
the neon tube indicator. Check this setting on the knockmeter with 120 generator 
voltage. A knockmeter reading of 50 should be obtained with the engine firing when 
combustion occurs at 1® after top dead center. Advance or retard the breaker until 
such a knockmeter reading is obtained. 

H. Cetane number determination 

The cetane number of a fuel is ascertained by comparing the delay (as measured 
with the knockmeter) for the fuel with those for various blends of the reference fuels 
until two blends differing in delay by not more than the equivalent of 8 cetane 
numbers are found, one of which has a longer delay and the other a shorter delay 
period than the sample. The reference fuel which would exactly match the sample is 
computed by interpolation from the knockmeter scale readings of the fuels. 

An alternate series of knockmeter readings is taken on the test fuel and reference 
fuel blends After changing from one fuel to the other, 6 minutes must be allowed 
to insure the complete change over, since there is a comparatively large volume of 
fuel in the pump and line. 

At least three alternate series of readings should be taken on each fuel, and if the 
I average knockmeter reading of the fuel sample is higher than that of the reference 
fuel blend, the test should be repeated with a blend containing decreased proportion 
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of the high cetane number of reference fuel. The test is continued in this manner 
until the knockmeter reading for the sample is definitely higher than for one blend 
and lower than for another blend of the reference fuels. 

1 Precision of results 

The cetane number should be reported in the nearest whole number to the exact 
rating as computed by interpolation from the knockmeter readings. 

J, Miscellaneous notes and suggestions 

1. Clean fuel must be used It is suggested that the fuel be filtered through thin 
chamois leather into the fuel tanks 

2 The fuel lines and fuel pump must be thoroughly flushed of air before starting 
the engine. After the engine is running better results are obtained by switching 
quickly from one fuel to another without flushing the fuel pump, and allowing 5 
minutes for the change over. 

3. When changing fuels in the tanks, it is very necessary to flush thoroughly the 
line to the switch valve until a solid fuel stream is obtained from the bleed dram 

4. The fuel injection timing should be shown continually on the spark quadrant 
and any deviation from 10° before top dead center must be corrected before each 
knockmeter reading is taken. 


APPENDIX 11 

Recommended Procbdube for Diesel Fuel Testing by the PhxED Ignition 

Lag Method 


1. OPERATING CONDITIONS 


1 . Engine speed 

2. Jacket temperature 

3. Inlet air temperature 

4. Lubrication oil temperature 
6. Injection advance 

6. Ignition 

7. Nozzle opening pressure* 

8. Fuel quantity 

9. Potentiometer 


900 rtr 30 R.P M 

Boiling point of water constant within 
± 1°F. 

150 ± 0.5°F. 

150 d: lO^F. 

18 deg. B T.C 
At top center exactly 
1300 ± 100 lb. per square inch 
0.020 cc per injection =t 10 per cent 
To give earliest indication of injection 
and Ignition, respectively 


II. PROCEDURE 

1. The engine is motored for approximately 6 minutes while the air and water 
heaters end the thyratron tube w^arm up 

2 The by-pass valve in the nozzle is then closed, the injection timing adjusted, 
and the compression ratio set to give reasonably smooth running while the engine 
warms up. The engine should run under power for at least 20 minutes in order to 
attain equilibrium temperature conditions of the engine and of the crankcase oil. 


* For Bosch nozzle DN30S3 and a 1/16 in, x 25 in tube. If a different nozzle or 
tube 18 used the injection pressure should be so chosen as to give uniform injections 
with a sharp beginning and a single principal opening. 
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3. Injection timing is adjusted by the pump timer until the neon lamp flashes at 
18 degrees before top center. The ignition indicator is then switched on, and the 
compression ratio is varied until the neon flash indicates ignition at top center. The 
scale reading of the compression ratio adjusting plug is then recorded. Following 
that, the compression ratio is increased until ignition takes place several degrees 
before top center, and again decreased until ignition is indicated at top center and 
the scale reading of the compression ratio adjusting plug is again recorded. This is 
repeated so that altogether two determinations are made with increasing and two 
with decreasing compression ratios. The average of the four readings is then used 
to determine the required compression ratio for that fuel. The R.C.R is calculated 
by the formula R C.R. = 14- 18/H, where H is the average of the four micrometer 
readings of the adjustable plug. 

4. When switching from one fuel to another, the pump suction space is flushed for 
approximately 5 seconds, then, while the injection tube and nozzle are being purged 
of the fuel previously used, the other tank is drained, flushed, and filled with the next 
fuel to be tested. 

5 After testing a series of blends of the two reference fuels, the volumetric per- 
centage of the high cetane fuel in the low cetane fuel is plotted against the corre- 
sponding R.C.R values The R.C.R. of the sample fuel is placed on the curve which 
determines the rating of the sample fuel. If the sample fuels are tested first, the 
R.C.R. of some of the reference blends which arc outside of the range of the sample 
fuels need not be determined If the approximate ratings of the fuels are known in 
advance, the preferred procedure is to test the fuels, including the reference fuels, in 
the order of their ignition quality. This combines the good features of bracketing, 
with curvilinear interpolation, and also directly compares fuels of similar or identical 
ignition quality so that relative merit may be more surely ascertained 

DISCUSSION 

T. B. Rendel (Shell Petroleum Corporation, Wood River, Illinois): 
Three years ago a small group, known as the Volunteer Group for Com- 
pression-Ignition Fuel Research, was formed to study and eventually to 
standardize a method for rating the ignition quality of Diesel fuels. This 
group has pursued its work actively and has submitted three reports. 
The most recent of these reports was presented to the Society of Automo- 
tive Engineers and the American Society for Testing Materials, giving the 
results of the past eighteen months' work. In this report it is concluded 
that results of the past eighteen months' work indicate fairly definitely 
that a direct matching method on the basis of ignition delay is the best 
from the point of view of reproducibility and validity, and that therefore 
some sacrifice in simplicity and speed of testing must be made. In this 
connection it is to be remembered that the octane number test, after 
several years of development and with a far greater commercial incentive 
behind it, sometimes requires about 45 minutes for determination and is 
still liable to errors of 1 or 2 octane numbers. 

Progress in methods of instrumentation has advanced considerably. 

I It is recommended that the bouncing pin type of instrumentation should 
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be definitely discarded in favor of the balanced diaphragm or the magnetic 
pick-up type. Further work in a larger number of laboratories is desirable 
before definitely standardizing on this point. The cetane number is, 
however, not apparently affected outside the limit of error of the deter- 
mination. 

It is therefore recommended that Diesel fuel be rated for ignition quality 
on the basis of its cetane number, as determined by an ignition delay 
method on the high turbulent Diesel conversion of the C.F R. engine, the 
exact type of instrumentation for recording the delay to be left to the 
option of the user pending further work of the Volunteer Group. 

The Volunteer Group has investigated Professor Schweitzer^s mechanical 
pick-up type of instrument and is favorably impressed with its opemtion; 
cooperative work is now in hand with this instrument. Work is also 
planned on the correlation with actual service engines. In this connection, 
it is very encouraging to note that cetane rating is apparently insensitive 
to the type of engine and operating conditions, which in turn indicates 
that correlation with service engines is not far off. 



THE KNOCK RATING OF MOTOR FUELS 
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Received July 16, 1937 

The knock rating of a fuel is essentially a direct comparison of the in- 
tensity of the knock produced by it with that of a standard fuel, these 
intensities being measured according to a specified procedure. Other 
methods, such as chemical analysis or bomb explosions, have been found to 
be inadequate for predicting the knock characteristics of a fuel when in 
actual service. 

The fuels used as a standard of comparison are normal heptane and 
isooctane (2,2,4-trimethylpentane), first proposed by Graham Edgar 
(6) . These fuels are pure hydrocarbons and thus can always be duplicated ; 
they are similar to each other and to gasolines in their physical and chem- 
ical properties, and when blended can duplicate the range of antiknock 
qualities of gasolines likely to be used for motor cars, since isooctane is 
considerably better and normal heptane poorer in this respect than ordi- 
nary motor fuels. Thus blends of these substances establish a standard 
scale for comparison of any motor gasoline. 

In order that the results of different laboratories may correlate, not only 
is a standard reference fuel necessary, but the engine and the operating 
procedure must be standardized, because operating conditions affect the 
relative knock intensities of fuels. Therefore the Codperative Fuel 
Research, single-cylinder, variable compression, vapor-cooled engine was 
designed specifically for this purpose. In order to obtain the knock rating 
of a fuel this engine is operated at 900 r.p.m. with a mixture temperature of 
300®F. and the knock intensity of the fuel measured (1). The blend of 
normal heptane and isooctane which matches the fuel in knock intensity 
under the same operating conditions is then determined, and the fuel is 
said to have an octane number which is the percentage of isooctane in the 
isodctane-heptane mixture which it matched. 

A specified knock intensity is used which is obtained by varying the 
compression ratio and is measured by means of a bouncing pin. Sec- 
ondary reference fuels which have been suitably calibrated against normal 
heptane and isooctane blends are generally used instead of the expensive 
primary reference fuels. This method was developed by the Codperative 
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Fuel Research Committee, on which are represented the Automotive In- 
dustry, the Petroleum Industry, and the National Bureau of Standards, 
and is the result of a great deal of cooperative work done by individual 
laboratories throughout the world. 

In 1932 the Committee had developed the octane number scale, the 
knock-testing engine, and a procedure. The procedure at that time 
differed from the present procedure in that the engine was operated at 600 
R.p.M. instead of 900 r.p.m. and the mixture temperature was approxi- 
mately room temperature instead of 300°r. Also the spark timing was 
retarded 3.5 degrees with respect to that now in use. This method, now 
called the C. F. R, research method, was modified because results obtained 
with it did not correlate with results obtained in service. 

ROAD RATINGS 

In order to determine what effect actual service conditions have on the 
knocking characteristics of representative fuels, the C. F. R. Committee 
conducted m 1932 and again in 1934 comprehensive cooperative road tests 
at Uniontown, Pennsylvania (11, 10). A method of rating fuels on the 
road was developed which consists essentially in comparing the maximum 
knock intensity obtained with the fuel under test to the maximum knock 
intensity of reference fuel blends, irrespective of the speeds at which 
they occur. This method differs from that used in the laboratory in that 
the comparison of knock intensity is not made at any predetermined speed 
and the intensity is measured by ear rather than by instrument. 

These road tests definitely established the fact that the variations in 
design of different makes of engine or even differences in adjustments in 
cars of the same make and model were sufficient to cause considerable 
differences in the relative knock intensities of fuels of different types. It 
was found that a cracked fuel, when run in one car, might knock with an 
intensity which was equal to that obtained with a reference fuel blend 
differing by 8 octane numbers from the blend it equalled when run in 
another car. Such differences were found even in two cars of the same 
make and model, showing that major variations in design were not neces- 
sarily the cause of these differences. 

The knock intensity of any fuel varies with engine speed, but this charac- 
teristic is not the same for different fuels in the same engine or for the 
same fuel when used in different engines. With one fuel it may decrease 
continuously with increasing speeds, with another it may reach a maximum 
value at relatively high speeds or it may reach a maximum at two speeds. 

Campbell, Lovell, and Boyd have obtained data which clearly illustrate 
these differences in knocking characteristics and which are reproduced in 
figures 1 and 2 (5). They ran a 100 per cent cracked fuel and blends of 
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straight-run reference fuels in a 1934 production car, having an ell-head 
engine with standard spark timing. These data are represented in figure 
1, which shows that the reference fuels knocked throughout the speed 
range, the maximum intensity occurring at about 25 miles per hour and 
again at 50 miles per hour. The cracked fuel produced the maximum 
knock intensity at 50 miles per hour, but none at all below 35 miles per 
hour. The maximum knock equalled that of a 66 octane number reference 
fuel. 
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Fig. 1. Knocking characteristics of two types of fuels in a 1934 car (Campbell 
Lovell, and Boyd (6)). 



Fig. 2. Knocking characteristics of car represented in figure 1 with modified 
automatic spark timing (Campbell, Lovell, and Boyd (6)). 

The automatic spark advemce was then modified by advancing it 6® at 
low speeds and retarding it at high speeds with the results shown in figure 2. 
With this change, maximum knock with the cracked fuel occurred at be- 
tween 25 and 30 miles per hour instead of at 50 miles per hour, and the 
intensity was decreased slightly. The reference fuels gave a continuous 
and rapid decrease of knock intensity with increasing speeds, but a 77 
octane number blend now knocked with an intensity which equalled that 
previously obtained with a 68 octane number blend. The cracked fuel 
equalled in intensity of knock approximately an 80 octane number blend, 
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whereas with the st^andard spark adjustment it equalled a 66 octane 
number reference fuel blend. Thus this modification in spark timing in 
this particular engine caused the fuels to knock at lower speeds; it had but 
little effect on the knock intensity of the cracked fuel and considerably 
increased the knock intensity of the straight-run reference fuels, thus 
increasing the road knock rating of the former from 66 to 80 octane number. 
Therefore, the road rating of this fuel was changed by approximately 14 
octane units because of the comparatively large effect on the reference 
fuels. 

This example clearly illustrates the effect a change in adjustment of an 
engine may have on fuels of different types. In table 1 are tabulated some 
of the data obtained at Uniontown showing the effect of different repre- 
sentative engines (11). Column 3 gives the octane number of the straight- 
run reference fuels which were required for knock-free operation above 15 


TABLE 1 

Data obtained with different engines 


CAR NO. 

1 

TTP® or UNQINB 

OCTANB RB- 
QUIRBMBNT 

(rbfbrbncb 

rUBLS) 

KNOCK 1NTBN81TY 

ROAD RATINO 

Experimental 
cracked fuel 

Commercial 

fuel 

Experimen- 
tal cracked 

1 fuel 

Commercial 

fuel 

1 

Overhead valve 

76 78 

Trace 

Trace 

75 

76 

2 

Ell-head 

76-78 

Trace 

Trace 

77 

76 

3 

Ell-head 

76-78 

Heavy 

Trace 

64 

76 

4 

Ell-head 

76-78 

Heavy 


64 


5 

Ell-head 

66-68 

Heavy 





miles per hour. Column 4 gives the knock intensity obtained with a 100 
per cent experimental cracked fuel when used in the same cars. Column 

5 gives the knock intensity obtained with a commercial fuel, and columns 

6 and 7 give the road ratings of these fuels in each car in terms of octane 
number of the reference fuel blends which they matched. 

A study of this table shows that the reference fuels knocked with the 
same intensity in cars 1, 2, 3, and 4, but the cracked fuel knocked con- 
siderably more in cars 3 and 4 than in 1 and 2. Therefore its rating was 
reduced from about 76 to 64, when run in the two latter cars. When run 
in car 5 this same cracked fuel knocked with approximately the same 
intensity as it did in cars 3 and 4. However, the reference fuels knocked 
considerably less in car 5. Thus the rating was still further reduced to 
65, because in this case the reference fuel was affected but not the cracked 
fuel. 

The data in column 3 indicate that cars 1, 2, 3, and 4 require a better 
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fuel than does car 5 if the fuel is of the same t 3 rpe as the reference fuel. 
However, if the cracked fuel is used, car 5 requires a better fuel than do 
cars 1 and 2. 

The examples cited above are extreme cases illustrating how different 
conditions affect the relative knock characteristics of fuels of different 
types. Such large differences are not common. The maximum differ- 
ences observed during the Uniontown tests with typical commercial fuels 
were the equivalent of 5 to 8 octane numbers. 

Since two fuels which are alike when run in one engine may vary con- 
siderably in another, it is obvious that no single laboratory procedure can 
be made to give results which correlate exactly ^ith results obtained under 
the variety of conditions to which any motor fuel is subjected in service. 
Therefore the average of the road ratings obtained on each fuel during the 
Uniontown tests was considered the road rating of that fuel, and the lab- 
oratory method was made to result in ratings which correlated with these 
average road ratings. 

It was found that the laboratory procedure in use prior to 1933 gave 
results which were generally higher than the average road ratings (11). 
With commercial fuels this discrepancy amounted to the equivalent of 
about 3 octane numbers, the maximum being 5 octane numbers. In the 
case of a 100 per cent experimental cracked fuel it was 9 octane numbers. 
By changing some of the laboratory engine operating conditions very good 
correlation with average road ratings was brought about, the principal 
changes being an increase in speed from 600 r.p.m. to 900 r.p.m., an increase 
in mixture temperature from approximately room temperature to 300®F., 
and an advance in spark timing of 3.5 degrees These changes resulted in 
the present A.S.T.M. Tentative Method of Test for ICnock Characteristics 
of Motor Fuels (Designation D 357-36T), sometimes called the motor 
method. 


FUEL “sensitivity” 

Although the old procedure, now known as the research method, was dis- 
placed as a means for obtaining knock ratings for commercial purposes, it 
was retained for research purposes. By rating a fuel by both methods the 
susceptibility of that fuel to the changes in operating conditions intro- 
duced, as compared to that of the reference fuels, can be determined. For 
example, if a fuel has the same rating by both methods its knock intensity 
changed the same as did that of the reference fuel; if its rating differs, then 
the operating variables have affected its knock intensity more or less than 
they did the reference fuel The difference between the ratings of a fuel 
obtained by the research method and the motor method has been called 
the “sensitivity” of that fuel (10, 2). The data obtained in the Uniontown 
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tests show that those fuels having the greatest ^'sensitivity” as measured 
by the difference between the research method rating and the A.S.T.M. 
rating also gav(' the greatest differences when rated on the road. This 
indicates that the changes introduced in the laboratory engine operating 
conditions have an effect which is similar to the changes encountered in 
service. 

Although a change in operating conditions changes the rating of a fuel, 
whether in the laboratory or on the road, this does not necessarily mean 



600 900 

ENCINC SPEED- R RM. 


Fig 3. Effect of speed on knock intensity 



100 300 

MIXTURE temperature -DEO F 


Fig 4. Effect of mixture temperature on knock intensity 

that the fuel is sensitive to that change in regard to knock, for it may be 
the reference fuel which is sensitive. For example, from the data obtained 
by Campbell, Lovell, and Boyd (5) (figures 1 and 2), it appears that the 
change in spark timing caused no appreciable difference in the knock 
intensity of the cracked fuel but did considerably increase the knock 
intensity of the reference fuel. Therefore, in this particular case a con- 
siderable change in rating was caused by an engine variable because the 
reference fuel was sensitive to this variable in regard to intensity of knock, 
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whereas the fuel under test was comparatively insensitive. To determine 
whether, in general, the differences obtained in rating fuels on the road are 
due largely to the susceptibility of the reference fuels or of the fuels under 
test to the changes in operating conditions requires further investigation. 

The ''sensitivity” of a fuel, as defined by the difference between the 
research method of rating and the motor method, is determined prin- 
cipally by changing the engine speed and the mixture temperature of the 
knock-testing engine. The effect of each of these variables is shown dia- 
grammatically in figures 3 and 4. As shown in figure 3, increasing the 
speed of the C. F. R. engme usually reduces the knock intensity of fuels. 
If a given increase in speed reduces the knock intensity of a fuel less than it 
does that of the reference fuel, then the rating of that fuel will be less at the 
higher speed than at the lower. 

As indicated in figure 4, increasing the mixture temperature increases 
the knock intensity of fuels Therefore if a given increase in temperature 
produces a greater increase in the knock intensity of a fuel than it does in 
that of the reference fuel, the rating of the fuel will be less at the higher 
temperature. Therefore a fuel which rates lower by the motor method 
than it does by the research method may do so because it is comparatively 
sensitive to a change in mixture temperature and/or insensitive to a change 
in speed. Thus ‘"sensitivity,” as determined by the difference between the 
research method of rating and the A.8.T.M. or motor method, is a measure 
of the relative susceptibility of a fuel to changes in operating conditions, 
but is not necessarily a measure of the degree to which a fuel responds in 
knock intensity to such changes. 

FACTORS AFFECTING LABORATORY KNOCK RATING 

Since an essential factor in insuring the continued validity of the method 
of knock rating is the maintenance of correlation with service conditions, 
and since the present method was designed to correlate with the average 
performance in service of motor fuels in 1932 model cars, modifications in 
the method may be necessary from time to time because of changes occur- 
ring in motor fuels and engine designs. The road tests conducted by the 
C. F. R, Committee in 1934 showed that the changes made since 1932, 
when the method was developed, were not sufficient to warrant any 
modification (10). However, preliminary tests with present-day auto- 
mobiles indicate that some modification in laboratory procedure is now 
necessary in order that knock ratings may correlate with average current 
service conditions. It therefore is pertinent to discuss some of the factors 
which might readily be changed in the laboratory procedure to produce a 
change in ratings. 

I It is well known that there are many variables which affect the knock 
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intensity of a fuel when burnt in an engine. Some of these are differences 
in design, such as combustion chamber shape or material, compression 
ratio, and spark plug location ; others are variations in operating conditions, 
such as engine speed, carbon accumulation, atmospheric conditions, mix- 
ture temperature, spark advance, and mixture ratios. If these factors had 
the same effect on the knock intensity of all types of fuels, then they would 
have no effect on knock ratings. However, these factors change the 
knock intensity of different types of fuels in varying degrees and therefore 
anything which affects the detonation of a fuel may affect its rating. 

Two of these factors, namely, engine speed and mixture temperature, 
have already been briefly discussed. Some specific data showing the 
effect of mixture temperature on ratings were obtained by the C. F. R. 
Committee (8). The fifteen fuels used in the 1934 Uniontown road tests 


TABLE 2 

Fuel ratings by two methods and effect of decrease in manifold temperature 
on octane number 


1 

FUllL 

MOTOB 

UXTHOD 

KSSEABCH 

METHOD 

MOTOR METHOD 
— RSSBABCH 
METHOD < 

(column 3 — i 
COLUMN 2) 

increase in 

OCTANE NUM- 
BER PER 100‘F. 
OECRBA8B IN 
MANIFOLD 
TEMPERATURE 

1. 100 per cent cracked 

70 7 

79 9 

9.2 

2 9 

2. California straight-run 

71 9 

73.0 

1 1 

0 6 

3. Cracked gasoline -f tetraethyl lead 

4. Cracked -f straight-run 4“ lead 

74 3 

78.8 

4 5 

2,7 

tetraethyl 

70.8 

74.9 

4 1 

2 6 

6. Cracked + straight-run 

64 3 

I 

67 6 

3 3 

1.9 


vrere rated by twenty laboratories at mixture temperatures of 300®F., 
275®F., 260°F., and 200®F. In all other respects the procedure used was 
the motor method. It was found that antiknock values increase directly 
with decrease in manifold temperatures and that the mean antiknock value 
of all the fuels tested rose 2 octane numbers for each 100°F. drop in mani- 
fold temperature. 

In table 2 are listed for five of the fuels tested approximately the differ- 
ence between the research and the motor method ratings and the increase 
in octane number occasioned by a decrease of 100°F. in the manifold tem- 
perature. The maximum increase was 2.9 octane numbers for a 100®F. 
decrease in temperature and occurred with a 100 per cent cracked fuel 
which was also the most “sensitive^' of all the fuels tested, as determined by 
the difference between the research and motor method ratings. However, 
the next most ^^sensitive^^ fuel gave very nearly the same decrease, al- 
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though the difference between the research method and motor method 
ratings was only slightly over one-half that of the other fuel. This per- 
haps indicates that the comparatively large difference between the re- 
search and motor method ratings of the first fuel was caused largely by the 
change in engine speed, and serves to illustrate further that the difference 
obtained by the two methods of rating is not necessarily indicative of the 
response of a fuel to a change in operating conditions. 

It is a well-known fact that spark advance affects detonation, and, since 
the effect is dissimilar on different types of fuel, knock ratings may vary 



Fig. 6. Fffect of spark timing on knock intensity (Campbell, Lovell and Boyd (6)). 


with spark timing. Figure 5 shows the effect of spark timing on the knock 
intensity of three fuels. These data were obtained by Campbell, Lovell, 
and Boyd, using a single-cylinder engine running at 600 r.p.m. (4). It 
can be seen that at a 40-degree spark advance fuels 2 and 3 are alike, 
whereas with the spark retarded to 20 degrees before top center fuels 1 
and 2 are alike. Therefore the ratings of th(>se fuels would depend on the 
spark timing used. 

The A.S.T.M. procedure specifies a spark timing of 26 degrees before 
top center when the compression ratio is 6 to 1. This timing is auto- 
matically changed with compression ratio by means of a suitable linkage. 

' The effect of changes in this timing and its relation to maximum power and 
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maximum knock intensity at different compression ratios is now being 
studied by the C. F. R Committee. 

There are many other variables which affect knock and therefore might 
be used to change knock ratings appreciably. However, the three dis- 
cussed above, namely, engine speed, mixture temperature, and spark timing, 
are easily controlled and can be readily varied without necessitating any 
radical change in engine design or procedure. They can again be used, 
either singly or m combination, to effect a modification in procedure in 
order to obtain better correlation with average present-day road ratings. 
However, as pointed out above, they cannot produce exact correlation 
with all service conditions nor do they take care of all of the factors in- 
volved such as, for instance, the volatility and distribution effects. 

Campbell, Lovell, and Boyd have presented evidence that in certain 
cases volatility, as well as chemical composition, may affect the knocking 
characteristics of a fuel (5). Because the fuel entering the cylinders of 
an automobile engine is only partially vaporized, the quality of the mixture 
delivered to different cylinders or e^'^en to any one cylinder during successive 
cycles is not uniform. Since the average mixture delivered by the car- 
buretor is generally richer than that producing maximum knock intensity, 
it is likely that most of the knock occurring in an engine originates from the 
leaner charges, which are probably richer in the more volatile constituents 
than the original fuel If the fuel contains a comparatively large propor- 
tion of a relatively volatile fuel w'hich is a knock suppressor, such as 
benzene, then the knock from these lean charges will be reduced, thus 
diminishing the knock produced by the engine. 

In order to confirm this theory, two fuels were prepared which had the 
same knock ratuig by the A.S.T.M. method. One of these fuels was a 
blend of benzene and a straight-run fuel, the other was a blend of ethyl 
ether and a straight-run fuel. Both benzene and ethyl ether are of high 
volatility, and the former is a knock suppressor whereas the latter is a 
knock inducer. As was expected, wLen these fuels were compared in a 
car on the road, the ethyl ether blend produced a knock of light to medium 
intensity, whereas the benzene blend produced no knock at all, although 
they gave the same knock intensity when run in the single-cylinder lab- 
oratory engine wdiere the distribution effects were not present. 

FACTORS AFFECTING PRECISION OF RATINGS 

There are also variables which at present are not controlled or perhaps 
not sufficiently so, which may affect the reproducibility of ratings. In 
order to determine the precision of knock ratings, a group of twenty lab- 
oratories, called the exchange group, was formed by the C. F. R. Com- 
mittee. Three fuels are sent every month to each of these laboratories to 
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be rated. D, B. Brooks, of the National Bureau of Standards, has ana- 
lyzed 1882 tests on 95 fuels made by this group for the C. F. R. Committee 
(3). He found the probable error of knock rating to be 0.465 octane unit. 
Of these 1882 tests, 86.9 per cent showed deviations from the average of 
less than 1 octane unit, 11.9 per cent between 1.0 and 1.9 units, 1.1 per 
cent between 2.0 and 2.9 units, and 0.1 per cent over 2.9 units. The 
types of fuels used were as follows: straight-run fuel with and without lead 
tetraethyl; aviation fuel with and without lead tetraethyl; straight-run 
fuel plus cracked fuel; straight-run fuel plus cracked fuel with lead tetra- 
ethyl; 100 per cent cracked fuel; two benzene blends; two reference fuels. 
Of these the 100 per cent cracked fuel showed a distinctly larger error than 
the others. 

The two reference fuels were sent out as test fuels and so were rated 
against themselves without the knowledge of the operator. Therefore 
any errors obtained with these fuels were due to experimental errors rather 


TABLE 3 

Change in octane number for carbon accumulation due to 100-hour operation 


rtruL 

AYSRAQB 

CHANQB 

aRSATDBT CHANQB 

Straight*run (plus lead tetraethyl) 

■fO 06 

■f2 0 

-0 8 

Straight-run (plus cracked) 

-0.3 

-fO.l 

-1.2 

Straight-run cracked + lead tetraethyl 

-0.8 

+ 1 1 

-1.2 

100 per cent cracked . . . . 

-1 2 

+0 1 

-2.6 


than variations in conditions. If the ratings of these two fuels are assumed 
to be representative, then perfect technique would reduce the probable 
error from 0.465 to about 0.25 octane unit. 

The factors, other than experimental error, to which these deviations 
were attributed, were humidity, knock intensity, and carbon accumulation. 

The effect of carbon accumulatioh as determined by these tests is 
presented in table 3. These data indicate that fuels containing cracked 
gasoline respond to carbon accumulation, showing a lower octane number 
on engines run over one hundred hours without cleaning than do the other 
types of fuel. 

It is well known that humidity affects detonation, increasing humidity 
decreasing the knock. Its effect on knock ratings is being studied by the 
C. F. R. Committee, and the results of some tests to determine this effect 
have been reported by J. R. MacGregor (9), He found that the reduction 
in knock intensity for a given increase in humidity was approximately the 
^same for a straight-run, secondary reference fuel blend, a benzene blend, 
and a cracked fuel, all of about 68 octane number. Thus a change in 
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humidity would not affect the rating of these fuels when matched against 
the secondar>^ reference fuels. However, the effect on knock intensity of 
an increase in humidity was considerably less with a blend of 67.5 per cent 
octane and 32.5 per cent heptane and considerably more with a straight- 
run secondary reference fuel blend containing 2.2 cc. of lead tetraethyl. 
Thus, if octane-heptane blends were used as reference fuels, the ratings of 
all the other fuels would be affected. An increase in humidity from 0.002 
to 0.023 lb. of water per pound of dry air was estimated to affect the leaded 
reference fuel approximately 5.7 octane units when matched against 
octane-heptane blends, and 3.6 octane units when matched against the 
unleaded secondary reference fuels. 

In order to determine whether more rigid specifications regarding the 
knock intensity at which to rate fuels would result in improved precision, 
the C. F. R. Committee is also investigating this factor. At present, this 
is specified in the procedure by prescribing that a rating should be made at 
one compression ratio higher than that producing incipient knock, which 
should result in a knock intensity equivalent to that obtained by a 65 
per cent blend of isooctane in 35 per cent normal heptane with the engine 
set at 5.3 to 1 compression ratio at a barometric pressure of 29.92 in. of 
mercury (1). Since it is difficult to determine incipient detonation ex- 
actly, particularly where other noises are present, and its reproducibility is 
open to question, the more definite secondary specification has in practice 
largely superseded the one based on incipient knock. 

The results of some tests conducted by the C. F. R. Committee on the 
effect of knock intensity on ratings were reported by Neil MacCoull (7). 
For these tests the following fuels wrere used: a blend of benzene in reference 
fuel C-9, a commercial gasoline containing at least 0.7 cc. of lead tetra- 
ethyl per gallon, and two stabilized, highly cracked gasolines from different 
sources. These four fuels were rated by the nineteen member laboratories 
of the exchange group at two compression ratios, one 0.2 of a ratio higher 
than standard and one 0.2 of a ratio lower than standard. Otherwise, the 
method used was identical wuth the A.S.T.M. procedure. The results 
obtained indicated that increasing the compression ratio increases the 
knock rating, but, as might be expected, the amount of increase varies 
with the type of fuel. Thus the maximum increase of the average ratings 
of all the laboratories occurred with the benzene blend and equalled 

2.2 octane numbers. The minimum increase was 0.3 octane number writh 
the commercial fuel. The tw’o cracked fuels gave a difference of 1.1 and 

1.2 octane numbers. These differences are not very great, considering that 
the difference in knock intensity used was appreciable, namely, that pro- 
duced by a difference in compression ratio of 0.4, w^hereas the standard 
knock intensity is such that a reduction of 1 in the compression ratio would 
reduce the intexisity to zero. 
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In conclusion it may be said that, through the coSperative efforts of 
members of both the petroleum and automotive industries, a great deal of 
work, of which only a small part could be taken up within the limits of this 
paper, has been and still is being done towards establishing a precise means 
of evaluating the knock characteristics of motor fuels. It is to be hoped 
that the many factors regarding detonation brought out as a result of this 
work will also aid in shedding more light on this complex phenomenon of 
combustion. 
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DISCUSSIONS^* 

Bernard Lewis and Guenther von Elbe: It should be possible to 
interpret the experience in the road service tests mentioned by Mr. Best 
by a consideration of the ignition regions and ignition lag periods of vari- 
ous types of fuels. 

Knocking is avoided if the flame travels throughout the combustion 
space of the engine in a time which is shorter than the ignition lag time of 
the last part of the charge to burn. The ignition lag of a given fuel-air 
mixture is, among other factors, a function of temperature and pressure. 
The lower part of the accompanying figure contains typical curves of equal 
ignition lags in a temperature-pressure diagram (Townend). The actual 

s Published by permission of the Director, U. S. Bureau of Mines, and the Director, 
Coal Research Laboratory, Carnegie Institute of Technology. (Not subject to 
copyright.) 

I • Received September 25, 1937. 
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position of these curves is influenced by engine design, but some such set 
will be valid for a given engine. Keeping the spark timing constant and 
assuming constant intake pressure and mixture composition, we shall con- 
fine ourselves mainly to the variation of the temperature of the compressed 
unburned charge with engine speed. This relation depends on design 
factors. It will be assumed that the temperature increases somewhat with 
engine speed, as shown in the upper part of the figure. Measurements on 
a C. F. R. engine liave shown that the temperature goes through a maxi- 



Fig. 1. Relation between knock, fuel, and engine speed U “ time required for 
normal combustion, 

mum (Seeber: Dissertation, Breslau, 1932; see also Philippovich: Z. 
Klektrochem. 42, 472 (1936)). While we have no further knowledge of 
this relation, the assumed dependence in the upper part of the figure will 
suffice to illustrate the possibilities of explaining the observed relationships 
between engine speed and knock. 

Let us, for example, take the experience of service tests that a cracked 
fuel showed one region of knock at high speeds and a straight-run fuel two 
regions of knock, one at low and the other at high speeds. The behavior of 
the cracked fuel may be understood from the left-hand side of the figure. 
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Let us assume that a pressure corresponding to the line AA* is reached in 
the last part of the charge. As the engine speed increases the temperature 
increases and the time, ^o, required for normal combustion decreases (prob- 
ably mainly owing to turbulence). Three iso-ignition-lag curves are 
shown with lag periods corresponding to U > U > U. If ta = h at the 
temperature shown, the flame will travel throughout the combustion space 
in a time shorter than the ignition lag and no knock will result. When, on 
increasing the engine speed, to — k at the temperature shown, there will be 
incipient knock, since the time of flame travel is just equal to the ignition 
lag. On further increase of the engine speed, the lime required for normal 
combustion becomes longer than the ignition lag, the discrepancy increasing 
with engine speed, resulting in an increase in the severity of the knock. If 
the temperature-engine speed curve goes through a maximum, the knock 
will decrease again in severity and finally disappear. By the same pro- 
cedure, it is easily seen that straight-run fuels which have the peculiar 
peninsula-shaped iso-ignition-lag curves shown in the right side of the 
figure should exhibit two knocking regions, one at low and the other at 
high speed. 

Changes in spark timing shift the line A A' to other positions and change 
the position of knock with respect to engine speed accordingly, spark ad- 
vance increasing the knocking tendency and spark retard decreasing it. 

Although the foregoing outline is admittedly crude, it nevertheless is sug- 
gestive of the direction in which future research might move in order to 
find improved methods of rating fuels. The crux of the problem is the 
separation of pure fuel factors and engine factors. Although the present 
analysis is partly hypothetical, it is not impossible that it accomplishes 
this separation to a satisfactory degree. It need only be assumed that 
the iso-ignition-lag curves are not very different in engines of the same type. 
This is a matter for experimental test. If this is so, then the lower part of 
the figure represents essentially fuel characteristics and the upper part en- 
gine characteristics. Fuel rating would then consist, in principle, in the 
determination of iso-ignition-lag curves. The sets of curves for two given 
fuels may actually cross each other. Since that fuel is better whose ignition 
lag curves lie farthest to the right in the figure, it is evident that fuel A may 
be superior to fuel B under one set of engine conditions, and inferior under 
another set of engine conditions. Having established the engine charac- 
teristics as is shown, for example, in the upper part of the figure, it should 
become possible to predict the better fuel under various service conditions. 

F. L. Gaston (Shell Petroleum Corporation, St. Louis, Missouri):* 
Mr. Best makes the statement that the sensitivity of a fuel does not neces- 
I 


• Received ^ptember 18, 1937. 
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sarily indicate the response in knock intensity to any variable. One of the 
diflBculties of engine research is that a change in one variable frequently 
causes an unavoidable change in another, and hence the various factors 
involved often cannot be studied one at a time. 

The research method minus motor method sensitivity involves sen- 
sitivity to air intake temperature, to jacket temperature, and to speed. 
In some experiments which we made some time ago, the sensitivity to 
jacket temperature was found to be nearly twice as great as the sensitivity 
to intake temperature. However, raising the intake temperature reduces 
the weight of air drawn into the cylinder on each stroke and hence the 
tendency to detonation. When the results were corrected to the same 
volumetric efficiency, it was found that intake temperature was more 
effective in reducing the knock rating of temperature-sensitive fuels than 
a similar increase in jacket temperature, as one would expect. 
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During the past ten years considerable progress has been made in the 
development of a knowledge of the relationship between molecular struc- 
ture and knocking characteristics of hydrocarbons when used as fuels in 
internal-combustion engines (1 to 22). This knowledge is of considerable 
significance both from the engineering standpoint, where power output or 
thermal eflSciency is a primary consideration, and also from a more theo- 
retical standpoint, where it is desired to extend our present understanding 
of fuels and combustion reactions. 

From the engineering standpoint, it will suffice here to point out that 
the efficiency of the conventional internal-combustion engine is largely 
dependent upon compression ratio, — ^increasing compression ratio making 
possible higher efficiency and greater power output per unit of engine 
displacement. Thus, within certain limits, it is desirable to use a high 
compression ratio, but the limit to which it is possible to go is determined 
by the tendency of the fuel to knock. This is a very real limitation, and 
that it is intimately related to the subject of molecular structure is shown 
by the fact that the maximum power output obtainable without knock 
from an engine of given piston displacement may vary by as much as 50 
per cent with different isomeric paraffin hydrocarbons. Needless to say, 
the further development of knowledge in this direction is almost certain 
to have an important and far-reaching influence in the engineering progress 
of the automobile, aviation, and petroleum-refining industries. 

The unique feature of this general situation is that the still largely un- 
known phenomena of gaseous combustion in an engine are controlled by 
slight differences in the molecular structure of fuels to an extent of tre- 
mendous economic importance. We know that the structures now pre- 
dominant in most commercial fuels are relatively very poor as compared 
with those that we would have, had we better control of chemical reactions 
such as those of isomerization. This situation represents a common meet- 
ing ground of molecular physics, gaseous combustion, organic chemistry, 
fmd economics of considerable social importance. 

159 
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For the purposes of this syiuposium we are mainly concerned with what 
might be termed the theoretical standpoint. Certainly the observations 
which have thus far been made in connection with this subject provide 
material which can be woven into the theory of many branches of science 
to give, eventually, a clearer conception of the mechanisms involved. It 
will be a purpose of this paper to review some of the consistent relation- 
ships between molecular structure and knock which have been found. 

It now appears that chemical constitution, as revealed by molecular 
structure, is related to knock, and hence the ultimate utility of a fuel, in 
two distinct ways, first, by direct influence on knock, and second, by in- 
fluencing the effectiveness of antiknock compounds when used in the 
fuels. 

In order to evaluate the relationship between the structure of hydro- 
carbons and their tendency to knock, various methods have been used, 
all of them depending upon direct measurements in an engine. The use 
of an engine is essential, since we do not have precise enough information 
as to the conditions in an engine cylinder to enable them to be duplicated 
satisfactorily or conveniently outside of an engine. However, it happens 
that an engine under the proper conditions offers an extraordinarily 
sensitive, convenient, and rapid method of measurement. 'I'he develop- 
ment of the concept of the octane number of a fuel, and of the standardized 
method of its meawsurement, discussed in detail elsewhere in this symposium, 
is a specific application of this principle to the testing of commercial 
gasolines. This commercial testing method, because of the restricted 
engine conditions employed in it, is not ideally adapted to the broad study 
of the knocking characteristics of hydrocarbons. Consequently, in the 
work described herein, wide deviations from the commercial test procedure 
have been utilized. 

One method of measurement which has been used with hydrocarbons is 
to burn the hydrocarbon in question as a fuel in an engine in the pure state 
and to determine the maximum compression ratio at which it will operate 
without knock. This method is quite simple and direct, although the 
values must, of necessity, relate to the particular engine and operating 
conditions used in the experiments. For some purposes this method is 
not entirely suitable, because the materials under test may not have 
physical properties adapted for use in a carburetor. It also has another 
disadvantage in that the use of that method of measurement requires 
considerable amounts of material for test, and such amounts may not 
always be available in the case of compounds whose laboratory preparation 
is difficult. 

For these and other reasons measurements have often been made in 
solution in a reference or standard fuel, measuring the change in knock of 
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the fuel upon the addition to the fuel of a definite amount of the material 
under test. The change in knocking behavior may be conveniently ex- 
pressed as the change in the equivalent octane number of the fuel or, as was 
done before this method came into use, it may be measured and expressed 
in terms of the amount of an antiknock compound such as aniline or lead 
tetraethyl which will produce a similar change in knocking tendency. 
Other modifications of these most widely used methods have been used; 
for a complete discussion of them and the precise methods of test and 
computation, reference may be made to the original papers. 

As previously mentioned, all methods involve the use of an engine, and 
it is true that the precise values obtained will depend to an extent upon 
the engine used and the conditions under which it is operated. In other 
words, the knocking characteristics of a fuel are not entirely a property of 
the fuel alone. From the limited amount of data thus far made available, 
it appears that, with few exceptions, the changes in the values of different 
hydrocarbons observed under different engine conditions are relatively 
small as compared with some of the differences between different hydro- 
carbons under comparable engine conditions. Again, for detailed ex- 
positions of these phenomena reference must be made to separate papers 
covering these various aspects of the subject (5, 7, 15). 

It is of considerable significance, however, that under given engine 
conditions the knocking characteristics of hydrocarbons fall into a very 
consistent pattern, according to their molecular structure. The sig- 
nificance of this may be twofold. This consistent behavior enables one 
to make an appraisal of what the possibilities are in the way of fuels whose 
thermodynamic eflSciency in an engine may be very high, or of what 
efiSciencies are possible when the present barriers of lack of knowledge as 
to chemical conversions are removed or reduced. This consistent behavior 
may also serve as a guide in evaluating theories of the mechanism of 
hydrocarbon combustion and the incidence of knock in engines. For 
these reasons it may be valuable in a symposium of this type to review 
these consistencies, in order that the facts upon which theories or pre- 
dictions may be based may be clearly in mind. 

It is convenient for the sake of simplicity to consider the hydrocarbons 
in classes, such as paraffins, olefins, etc., and the relationships are most 
readily expressed graphically. Figure 1 summarizes the relationships for 
the parafiSn hydrocarbons. The knocking characteristics are expressed in 
terms of ‘‘aniline equivalent,^^ which is a measure of the knocking behavior 
in relatively dilute solution in which concentrations are on the basis of the 
same number of molecules (12). In order, however, to convey some con- 
cept of the scale of aniline equivalent, it may be said that n-heptane with 
dn aniline equivalent of —14 and 2,2,4-trimethylpentane, which has a 
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value of +16, begin to knock when burned undiluted at compression 
ratios of 2.7 and 6.9, respectively. While such values do not permit a 
direct conversion of all values, because the relative values obtained in 
dilute solution with gasoline are not necessarily an index to behavior in the 
undiluted state, nevertheless they do give an idea of the great range covered 
by the vertical scale. 



Kig. 1 Relationship of molecular structure to knocking characteristics of 
parafiin hydrocarbons 

From this diagrammatic representation it may be seen that in a very 
general, and consistent way the addition of methyl groups improves the 
molecule from a knock standpoint; lengthening the straight chain of a 
molecule makes the knocking characteristics worse, and centralizing the 
molecule, without changing the number of atoms, makes a much better 
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molecule as far as knock is concerned. On this molecular basis it is a fair 
approximation to say that the knock depends roughly upon the length of 
the unbranched straight chain of carbon atoms in the molecule. This is 
a fact that is probably of considerable significance as far as theories of the 
mechanism of combustion and knock are concerned. 



Number op Cmpoh Atoms in Moucuie 

Fig. 2. Knocking characteristics of straight-chain olefins 


This same behavior is also exhibited by the straight-chain olefin hydro- 
carbons, whose properties in this regard are represented graphically in 
figure 2 (13). The effect of an increase in the straight paraffin chain is 
similar, both qualitatively and quantitatively, to that observed in the 
case of the paraflBn hydrocarbons. It is also probably significant that, 
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within the range covered, the knock seems to depend upon the length of 
the straight paraffin chain, irrespective of the size of the molecule. 

Branched-chain olefins behave very much as might be expected from 
what might be termed the effect of the double bond, as revealed by the 
straight-chain olefins, combined with the effect of branching, as shown by 



Fig. 3. Relative knocking characteristics of alkyl cyclohexanes and cyclohexenes 

the behavior of the paraffins. The great numbers of isomers of such com- 
pounds, howwer, make the obtaining of a complete picture of their be- 
havior a very diflScult and tedious matter. 

Another class of hydrocarbons is that of those containing a cyclopentane 
or a cyclohexane ring (14). In general the formation of a ring, as indicated 
by the behavior of cyclopentane, cyclohexane, and cycloheptane, is to 
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enhance the degree of freedom from knock of the compound as compared 
with the paraffin containing the corresponding number of carbon atoms. 
The possibilities of isomerization in this class of compound are somewhat 
different from those in the aliphatic compounds, although the effect of 
changes in the arrangement of an alkyl side chain is similar to that 
which might be expected by analogy with the parafiin hydrocarbons. 
This is shown by the graphical representation of the data on the cyclo- 
hexanes and cyclohexenes in figure 3, plotted in a maimer similar to the 
preceding data. The possibilities of isqmcrism due to variations in the 
positions of two or more side chains have not seemed to be a relatively 
great factor in determining knock. However, the available data do seem 
to indicate that, as far as isomerism with respect to a different distribution 
of carbon atoms between chains is concerned, the most favorable condition 
from the standpoint of knock prevails with the most centralized structure. 
If we should define such a rough concept as centralization by a compact 
arrangement of the plane structural formula ordinarily used, this generali- 
zation seems to apply quite generally to all types of compounds investi- 
gated. It is also interesting in connection with these cyclic compounds that 
an introduction of a double bond in the ring increases the freedom from 
knock of the compound by an amount which seems quite constant. 

Cyclopentanes and cyclopentenes seem to behave, as far as their knock- 
ing characteristics are concerned, in a manner quite analogous to that of 
the six-membered rings. 

Another class of hydrocarbons of considerable interest in connection 
with the problem of knock is that of the aromatic compounds containing a 
single benzene ring (15). Data on these are represented graphically in 
figure 4. The behavior of these compounds is different from that of the 
naphthenes as far as the effect of an increasing length of side chain is con- 
cerned. The addition of a side chain and its progressive lengthening first 
results in an increase in freedom from knock; further lengthening of the 
chain results in a decrease. While this peculiarity might suggest some 
analogy to be expected with the behavior of these compounds on oxidation, 
at present this is largely speculative. The effect of the initial methyl 
substituents, however, is very pronounced, as toluene is much better than 
benzene, and the xylenes and mesitylene are still better; the effect of 
position isomerism seems to be a large factor. The aromatic compounds 
behave with respect to knock as if the benzene ring were of paramount 
importance and as if the addition of one or more carbon atoms to it were of 
much greater effect than the arrangement of the atoms within the chain 
which is added. Most of the aromatic compounds are relatively good from 
the standpoint of knock as compared with the other conventional classes 
of hydrocarbons; it is, however, quite difficult if not impossible to assign 
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relative values to these classes as a whole, since the range covered by the 
different classes is widely, if not almost completely, overlapping. 

The relationships just discussed relate to dilute solutions and are upon a 
molecular basis; they are of primary interest because of the suggestive 
consistencies of the correlations between knock and structure. From 
the standpoint of the fuel and the engine they are of particular interest. 
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MOLECULAR WEIGHT 

Fig. 4. Relative knocking characteristics of aromatic hydrocarbons 


as indicating what may be obtained in practice from relatively small addi- 
tions of different hydrocarbons in making up fuels better than those now 
commercially available and v/ith a fairly wide range of constituents. 

From the standpoint of making large advances in fuel technology, the 
knocking behavior of individual hydrocarbons in the pure state is of special 
importance. Considerable data are available on pure hydrocarbons in 
terms of the compression ratios that may be used with them, although of 
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necessity, as previously mentioned, they are of more limited extent. The 
general qualitative correlations between knocking characteristics and 
molecular structure previously observed for such hydrocarbons when meas- 
ured in dilute solutions hold in general, but there are some notable ex- 
ceptions. These arise from the fact that the critical compression ratio of 
a mixture of two compounds is not always directly proportional to the 
concentration of each in the mixture. There is also another contributing 
factor which will be discussed later, namely, that the engine operating con- 



Fig. 6. Critical compression ratios of paraffin hydrocarbons 

ditions make a considerable difference in the relative values obtained for 
some fuels when they are tested in the pure state. 

However, a general picture of the relationships among the parafldn 
hydrocarbons is shown in figure 5, where the knocking characteristics of the 
pure paraflBn hydrocarbons are evaluated in terms of the critical com- 
pression ratio or the highest ratio at which they can be used without 
knocking (16). Most apparent, of course, are the very great differences 
between the different compounds. 

A similar picture for the cyclic compounds is shown in figure 6. Out- 
^ standing here are the very great differences between the aromatic com- 
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Fig. 6. Comparison of benzene and cyclohexane derivatives 
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pounds and the corresponding saturated compounds, a phenomenon which 
does not appear with measurements made under conditions of dilute 
solutions. The knocking tendency of a mixture is not necessarily a linear 
function of the concentration. This behavior is shown by the data of 
figure 7, in which the critical compression ratio of some two-component 
mixtures is plotted against the mole fraction in the solution. The curves 
are not linear and show a wide variety of characteristics, some being convex 
and some concave downward. In general, extrapolation of knock-con- 



AAOL. FRACTION 

Fig. 7. Knocking characteristics of two-component hydrocarbon mixtures 

centration curves over a considerable range is not justified. The reasons 
for these departures from mere simple relationships are of considerable 
speculative interest, but our present knowledge of hydrocarbon combustion 
is possibly too limited to warrant extensive discussion of this here. 

The relationships among hydrocarbons with respect to knock and utility 
are also of interest from the viewpoint of the mechanism of combustion, 
because of the way in which antiknock compounds act upon them (3, 6, 6). 
The mechanism of antiknock action seems to be tied up with the molecular 
structure of the hydrocarbon, probably as a result of the intermediate 
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conipouiKis formed. In some compounds lead tetraethyl, for instance, 
may be twenty times as effective as a knock suppressor as in others; in 
some compounds it may even be a knock inducer. 

As an index of this effectiveness, we may consider the increase in critical 
compression ratio which the addition of 1 cc. of lead tetraethyl will permit. 
It is possible to correlate such values upon the basis of the branching of 
carbon chains, upon the position of double bonds in a chain or in a ring, 
and so on. These manifold and consistent relationships may not well be 
detailed here. However, as a rough general correlation, the data shown 



graphically in figure 8 indicate the extent of the variation, since the addi- 
tion of 1 cc. of lead tetraethyl to a hydrocarbon may permit an increase of 
2.7 ratios without knock, or may necessitate a decrease of 0.8 of a compres- 
sion ratio. As a single example of how specific this effect is, there are 
the data of figure 9, which are self-explanatory. Since any consistent 
theory of knock must include the action of antiknock compounds, it is im- 
portant to note that some antiknock compounds or catalysts may under 
some circumstances act as knock-inducing compounds. 

An evaluation of the relative utilities of fuels of different molecular 
structures is essentially a measurement of the thermod 3 mamic efficiency 
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with which each may be burned in an engine suited to that particular fuel. 
As mentioned previously, this is a property not entirely of the fuel but also 
of the engine; the engine must to a considerable extent be adapted to the 
fuel in other respects than simply in regard to the compression ratio. 

A concept of why this comes about may be readily gained by thinking 
of the phenomenon of knock as essentially a race between two combustion 
processes in the engine cylinder. The first is the spread of flame across the 
cylinder; the second is the series of steps leading up to ignition of the 
fuel-air mixture ahead of the flame. Which phenomenon takes place first 
determines whether or not there is knock. Both processes are influenced 
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INCREASING DEGREE OP UNSATURATION 

Fig. 9. Effect of double bonds in cyclic compounds oil effectiveness of lead tetraethyl 


by the time available, by temperature, and by pressure, so that the outcome 
of the race will depend upon such conditions. Furthermore, the extent to 
which these different processes are affected by temperature and pressure 
will vary from one hydrocarbon fuel to another. It is to be expected, con- 
sequently, that the attainment of the greatest efficiency is to be had only 
by the best fitting together of fuel and engine. This amounts to selecting 
a raw material (fuel) and carrying out a chemical reaction on it (combus- 
tion with air) under conditions best adapted to secure the greatest yield of 
work with it. The selection of the initial fuel material is influenced, 
first, by the relative ease with which it may be made from petroleum or 
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other raw material, and, second, by the conditions which it requires for its 
best combustion. 

The first factor, that of the preparation of the fuel from petroleum or 
other sources of raw material, is dealt with in other papers of this sym- 
posium; the conditions for best combustion may be outlined here so as to 
show some of the controlling conditions influencing the selection of fuels. 



CRITICAL COMPRESSION RATIO 

Fia 10. Power characteristics of a 3i in. x 4j in. single-cylinder, variable-com- 
pression engine. Mixture ratio and spark timing for maximum power. Mixture 
temperature approximately 60 °F. 

As is well known, the compression ratio gives a fair index of the relative 
thermodynamic efficiency of combustion, if and only if other factors are 
kept constant. The numerical values of compression ratio so obtained, 
however, are quite without absolute significance, except as they pertain to 
the particular conditions utilized. An evaluation of such a scale is figure 
10, where, taking the data from one variable compression engine, brake 
mean effective pressures are plotted against the compression ratios at 
which the engine was operated. Spotted along the curve are a number of 
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points which represent the highest compression ratio at which the hydro- 
carbons indicated may be used without knock, imder the particular condi- 
tions of the tests. Three such curves are shown, representing different 
engine speeds and different temperatures of the cylinder jacket. It is 
obvious from the three curves that with different fuels there are very great 
differences between the efficiencies or power outputs possible with knock- 
free operation. 

Equally important are the changes in the relative behavior of different 
hydrocarbons when burned in an engine under different operating condi- 
tions The paraffins and cyclohexane decreased in knocking tendency as 
the speed was increased. Diisobutylene, an olefin, knocked more with 
increasing speed, as shown by the lowering of the critical compression 
ratio with increased speed. Increasing the jacket temperature resulted in 
general in an increase in knocking tendency, although the change varied 
greatly from one fuel to another. 

The comparison between isooctane and diisobutylene is of particular 
interest because it illustrates the differences in knocking characteristics, 
as affected by engine conditions, that may exist between an olefin and the 
corresponding paraffin. At 600 r.p.m. diisobutylene has much less tend- 
ency to knock than isodetane under the engine conditions represented in 
figure 10. But at 2000 r.p.m. the relative knocking tendencies of these 
two hydrocarbons are completely reversed and the saturated paraffin, 
isooctane (2,2,4-trimethylpentane), becomes the superior fuel. 

These data indicate that the relative knocking tendencies of different 
hydrocarbons may be expected to be affected to a considerable degree by 
changes in engine conditions. Consequently the choice of fuel and engine 
conditions to be used for the production of maximum output involves an 
evaluation of the relative effects of a number of different variables, of 
which only two of the more outstanding ones — engine speed and jacket 
temperature — ^have been discussed herein. 

REFERENCES 

(1) Birch, S. F., and Stanspield, R.: Nature 123 , 490 (1929). 

(2) Birch, S. F., and Stanspield, R.: Nature 123 , 639 (1929). 

(3) Campbell, J. M , Signaigo, F K., Lovell, W. G., and Boyd, T. A.: Ind. Eng. 

Chem. 27, 693 (1936). 

(4) Eglopp, G.: Natl. Petroleum News 28 , No. 42, 26 (1936). 

(5) Garner, F. H., and Evans, E. B.: J, Inst. Petroleum Tech. 18, 761 (1932). 

(6) Garner, F. H., Wilkenson, R., and Nash, A. W.: J. Soc. Chem. Ind. 81, 2WT 

(1932). 

(7) Garner, F. H., Evans, E. B., Sprakb, C. H., and Boom, W, E. S.: Proc. World 

Petroleum Congr. II, 170 (1933). 

(8) Hoffman, F., Lang, K. F., Berlin, K., and Schmidt, A. W.: Brenn8toff>Chezn. 

' 18, 161 (1932). 



174 


WHEELER G. LOVELL AND JOHN M. CAMPBELL 


(9) Hoffman, F., Lang, K F., Berlin, K., and Schmidt, A. W.: Brennstoff>Chem. 
14, 103 (1933) 

(10) Howes, D A , and Nash, A. W : J. Soc. Chem. Ind. 49, 16T (1930). 

(11) Howes, D. A , and Nash, A. W. : J. Soc. Chem. Ind. 49, 113T (1930). 

(12) Lovell, W G , Campbell, J. M , and Boyd, T. A.: Ind. Eng. Chem. 28, 26 

(1931) 

(13) Lovell, W G , Campbell, J. M., and Boyd, T A : Ind. Eng. Chem. 23, 565 

(1931) 

(14) Lovell, W. G , Campbell, J M., and Boyd, T. A,: Ind. Eng. Chem. 26, 1107 

(1933) 

(15) Lovell, W G , Campbell, J M , Signaigo, F. K., and Boyd, T A.: Ind. Eng. 

Chem 26, 476 (1934) 

(16) Lovell, W G., Campbell, J. M , and Boyd, T A.: Ind. Eng. Chem. 26, 1105 

(1934). 

(17) Nash, A W , and Howes, D. A.: Nature 123, 276 (1929). 

(18) Nash, A. W , and Howes, D. A.: Nature 123, 526 (1929). 

(19) Neptune, F B., and Trimble, H. A : Oil Gas J. 32, No. 61, 44 (1934). 

(20) Schmidt, A W : Petroleum Z. 28, March 9, Motorenbetrub, p, 2 (1932). 

(21) Schmidt, A. W. : Angew. Chem 44, 476 (1931). 

(22) Thornycroft, O., and Ferguson, A : J. Inst. Petroleum Tech 18, 329 (1932). 



FUELS FOR INTERNAI^COMBUSTION ENGINES 

GUSTAV EGLOFF, W. H HUBNER, and P. M. VAN ARSDELL 
Research Laboratories , Universal Oil Products Co , Chicago, Illinois 

Received November 5, 19S7 
CONTENTS 

I Introduction 176 

II. Motor fuel from crude oil 177 

A. General ... 177 

B. Straight-run gasoline from distillation of crude oil . 177 

C. Cracking . 183 

1. Straight-run gasolines and naphthas 183 

2 Heavy oils to gasoline 183 

D Commercial gasolines and their properties 189 

E Tractor fuels 190 

F. Diesel fuels 196 

G Solvent extraction of gasolines 202 

III Motor fuels from natural gas * 208 

A Natural gas as source . . 208 

1 Methane, ethane, propane, and butanes: direct use as a motor fuel 208 

2. Natural gasoline 214 

IV. Motor fuels from cracked gases . 220 

A. General .... 220 

B. Thermal polymerization . . 221 

C. Catalytic polymerization . . . 221 

D. Isooctanes. . . 233 

E. Alcohols, ethers, and ketones from cracked gases. . . 236 

1. General .... . ... 236 

2 Alcohols ...... 236 

3. Ethers and ketones ... 236 

V. Motor fuel from coal .... 240 

A. General . . ... 240 

B Benzene and other aromatics 241 

C. Hydrogenation ... 246 

1. Coal ... .246 

2. Carbon monoxide from coal or coke . . 260 

3. Gas from coal carbonization 266 

4. Gasified coal and coke directly in motor vehicle 267 

VI. Motor fuel from oil shale . 269 

VII. Motor fuel from plants and wood 269 

A. Alcohol . . 269 

1. Fermentation process 269 

B. Gasified wood . . .... .... . 267 

176 



176 GUBTAV EGLOFF, W. H. HUBNER, AND P. M. VAN ARSDELL 


VIII Compounds added to improve octane and cetane numbers of fuels . . 268 

A Tetraethyl lead for gasoline . . . 268 

B. Nitrites, nitrates, etc. for Diesel fuels 274 

IX. lOO-Octane aircraft fuels 275 

X. Summary . . 277 

XL References . 278 


I. INTRODUCTION 

The volume of motor fuels available is an astronomical figure. At the 
present time motor fuels are produced primarily from crude oil, natural 
gas, and coal The fuels are derivable from gases such as methane, ethane, 
propane, and butanes of octane numbers from 90 to 125, from fuels pro- 
duced from the polymerization of gaseous olefins and paraffinif*. hydro- 
carbons of octane ratings from 75 to 100, and from alcohols, isopropyl 
ether, or mixed ethers and ketones of high octane numbers. As a com- 
parison, natural gasolines have octane ratings of from 70 to over 80, and 
the octane ratings of gasolines from the atmospheric distillation of crude 
oils vary between 15 and 70, while cracked gasolines have antiknock values 
ranging between 60 and 80 octane. The gaseous motor fuels can also be 
produced from gases obtained from the cracking process as well as from 
natural gas. Cracked or natural gases can be converted into high-octane 
liquid motor fuels by the thermal or catalytic polymerization processes. 
Motor fuels containing alcohols, ethers, and ketones are being produced 
from the gases of the cracking process. 

The increasing demand for motor fuel has led to ingenious methods of 
supplying the demand, depending upon whether a country has oil supplies 
or not. Hydrogenation of coal, carbon monoxide, and heavy oils has made 
available enormous sources of motor fuel from the coal deposits of the 
world. The motor fuel produced by the hydrogenation of coal has an 
octane rating of 72. Motor fuel produced from carbon monoxide has an 
octane rating of 40; by the cracking process this fuel is converted into 
high-octane gasoline. The hydrogenation of petroleum oils is carried out 
primarily for the purpose of producing solvents and lubricants. 

Motor fuel is being produced by the distillation of oil shale, followed 
by cracking the hydrocarbons produced therefrom into gasoline of octane 
ratings from 60 to 75. Countries having little or no crude oil sources are 
converting plants such as com, wheat, barley, and potatoes into alcohol 
by the fermentation process. The alcohol thus produced is used in part 
as motor fuel. Wood is converted into a gaseous motor fuel which is used 
in busses and trucks, of which there are many hundreds in Italy, Germany, 
and France. The wood is burned in equipment which is a part of the 
motor bus or truck in the engine of which the gas is burned. 

The antiknock values of the motor fuels producible by the above meth- 
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ods and from the sources mentioned may be still further improved by 
solvent extraction of hydrocarbons and by the addition of tetraethyl 
lead. The low-octane hydrocarbons extracted by solvents are readily 
converted into high-octane fuel by the cracking process. 

By chemical and physical means it is possible to produce motor fuels of 
the desired octane rating in any volume required. 

II. MOTOR FUEL FROM CRUDE OIL 
A. General 

During the past twenty years a tremendous amouLt of research work has 
been carried out on the art of distilling crude oil. Distillation units with 
capacities ranging from a few hundred to over sixty-five thousand barrels 
of crude oil per day have been developed to fractionate the gasoline present 
with such nicety that almost no further refining is required. The gasoline 
produced in the earlier days of distilling petroleum was treated with sul- 
furic acid and caustic soda and then redistilled to a commercial product. 
Today acid treatment is no longer necessary, for gasoline derived by dis- 
tillation of crude requires, in general, no refinement beyond sweetening. 

The antiknock value of straight-run gasoline varies widely, its octane 
number ranging from approximately 15 to over 70 (very little of the latter 
is available) and averaging about 53. This average value is too low for 
modern high-compression engines and is in part reformed or cracked, i.e., 
the straight-chain paraffins which have low octane ratings are converted 
by heat and pressure into olefinic, aromatic, and naphthenic hydrocarbons 
which have greater antiknock properties 

The cracking of hydrocarbon oils, such as gasoline, naphtha, kerosene, 
gas oil, fuel oil, or crude oil, produces gasolines the octane numbers of 
which range from approximately 60 to over 80, with an average of about 68. 
The quality of the cracked gasoline depends upon the type of oil processed 
and the time, temperature, pressure, and principle of operation used. 

The volumes of straight-run and cracked gasolines produced from the 
various oil fields in the United States (73) for the year 1936 are shown in 
table 1. For the first time in history, the production of cracked gasoline, 
representing 50.9 per cent of the total, surpassed that of straight-run 
gasoline. 

B. Straight-run gasoline from distillation of crude oil 

The distillation of crude oil at atmospheric pressure may be carried 
out in a unit (76, 17) such as shown in figures 1 and 2, using Pennsylvania 
crude as an illustration. The crude oil, before passing through the heating 
coil of the furnace, is pumped through a series of heat exchangers counter- 
bow to the hot vapors and liquids leaving the bubble tower fractionator. 
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The temperature of the oil is about 800°F. as it leaves the heating coil and 
flows into the fractionating column. The products derived from this 
primary distillation of Pennsylvania crude oil (42-^3° A.P.I. gravity) 
are gasoline, naphtha, kerosene, furnace oil, fuel oil, wax distillate, and 
heavy lubricating oil stock and bottoms. The percentages and properties 
of these products are shown in tables 2 and 3. 

Octane ratings and laboratory inspection data for a number of motor 
fuels derived from the distillation of crude oils, as produced in the Ap- 
palachian, Michigan, Indiana, Illinois, Kentucky, Mid-Continent, Gulf 


TABLE 1 

Volumes of straight-run and cracked gasoline produced in various sections of the United 

Stales (73) during 1936 



CBCDK OIL 

BTBAIQHT-RITN 

OASOLINB 

CRACKED 

QABOUNB 

ItJClTlNEiit y' JLOl ATION 

Theusand 

barrels 

Per 
cent of 
total 

Thousand 

barrels 

Per 

cent of 
total 

Thousand 

barrels 

Per 
cent of 
total 

1. Pennsylvania East Coast 

2. Indiana, Illinois, Michigan, 

27,072 

2 6 

39,146 

16 9 

52,610 

1 

22.0 

Kentucky, etc 

26,074 

2 3 

36,262 

16 3 

46,794 

19 6 

3. Mid-Continent: 







Texas Inland 

266,696 

23 4 

20,902 

9 0 

13,015 

5.4 

Oklahoma and Kansas 
Arkansas and Louisiana 

376,212 

34 2 

33,606 

14 6 

25,866 

10.8 

Inland 

37,364 

3 4 

6,664 

2 4 

4,320 

1.8 

4. Gulf Coast. 

139,160 

12 7 

60,067 

21.7 

67,858 

28 3 

6 Rocky Mountain 

22,166 

2 0 

6,811 

2 6 

6,113 

2 1 

6. California 

214,773 

19.6 

I 40,961 

17 7 

24,044 

10 1 

Total 

1 

1,098,616 

100 0 

231,287 

100 0 

239,620 

100.0 


* It should be noted that the figures for the production of gasoline are based on the 
location of the refinery rather than on the source of the crude. 


Coast, Rocky Mountain, and California fields, are shown in table 4. 
With the exception of those obtained from White Castle, Louisiana, and 
Smackover, Arkansas (octane ratings 69 to 70), the straight-run gasolines 
have relatively low octane ratings; yields range from 2.0 per cent for the 
crude from Placcdo, Texas, to over 81 per cent of a 400®F. end-point 
gasoline from a crude in Medicine Bow, Wyoming. Additional data on 
octane ratings and yields of the straight-run gasolines from different crude 
oils are given as follows: ( 1 ) Appalachian: — straight-run gasolines from 
Pennsylvania crude have octane ratings ranging from 35 to 50. (£) 

Michigan, Indiana, Illinois, and Kentucky: — Michigan straight-run 
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Rii-olincs range' in antiknock value from 17 to 43 (3) Mid-Conlinent:- 

Texas straight-run gasolines lia\'e oelane ratings lietwi'en 55 and 61; the 
amounts reeo\ered from various crudes ha\(' ranged from 22 to 35 jx'r 



Fig ] CVurlc-oil diKtillatiori unit in Ponnsvlvunia 


cent ( 4 ) Gulf C^mst:- rru(l(\s f)htaiii(‘(l from W}ut,f‘ ('astle (ljuuisiana) 
and Pla(‘edo (Texas) are typieal of the fj;('iieral run of Gulf Coast erud{\s. 
iThey uMially (*ontani small amounts of high-oetane (of th(^ order of 70 
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(>(‘taiH‘) -1 uii <i;as()liiip The ik'wct iii th(‘ Gulf (\)ast area, 

such as Flour Bluff (IVxas) and J.a Fitti and Gillis (Louisiana) yield 
slrai^hl-iun j»a^oina‘- of h)\\er octane nunilHU, tli(‘ ranj>;e beins Iroin 45 



FLEXIBILITY IN DISTILLATION UNIT 

Fa. 2 Mow clciit of (‘Ui(l(‘-()i) distillation unit 


TABJJ-: 2 


PukUhIs th'i i n (I f / ()))i piitfian/ (list tllalLon o/ P( rnisi/lnifi m 42-4i' 5 P T ginviii^ 

(rude otl (76', /7) 



OU W It ^ 

\r ()0°F 

M \KINO <>00 1 IHt. 

S roc K 

M \KIN(. (>(>5 I'lRt 

STOCK 

eH(M)r( T 








" \ IM 

S[)rcihc ! 

H'U t eU , J 
per d'l \ 

'(•I f (Mil 

rVineS 

pCM dji\ 

PcM cent 

( lasoline* 

<)(•) (1 

{) 717 , 

033 ! 

25 3 

025 

j 25 0 

Naphtha 

51 1 

0 775 ' 

242 

9 7 

, 250 

10 0 

K(‘roscne 

45 7 

0 7!n> , 

302 

14 5 

375 

15 0 

Furnace (ul 

10 0 

! 0 825 

213 1 

8 5 

125 

J 5 0 

Fuel oil 1 

38 0 

1 0 835 

100 i 

4 0 

' 175 

1 7 0 

Wav distillate 

33 1 

j 0 858 ! 

175 

19 0 

i 550 

22 0 

Bottornst 

25 t) 

, 0 904 j 

475 1 

19 0 

400 

10 0 

Total 


1 

2500 1 

100 0 

i 2500 

! 100 0 

* The lij^ht Krtwelinc shown, 

having 

an API 

gravity 

of 80 

and representing 


3 5 pci cent of the ciudc oi 13 8 per cent of the total }?asolinc, was pieflashed and 
not fiactionatcd This jnoduct is usually blended with the lieav\ gasoline to pio- 
duce the 66*^ API Kravitv sliow n 

t While the unit was desiji;ned for taking? off a slop wav, the fi action usually is 
sutheiently sharp to eliminate the necessity of this cut 
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to 47. (5) Arkansas and Northern Louisiana: — The Smackover field is 
the largest producer in Arkansas. The crude is of low gravity and con- 
tains small amounts of high-octane straight-run gasoline. The Rodessa 
field in Northern Louisiana, the largest producer in that area, yields a 
low-octane straight-run gasoline. (6) Rocky Mountain: — This area pro- 
duces all types of crudes, the most unusual being that from Medicine Bow 
(Wyoming) which has yielded 81 per cent of 400®F. end-point straight-run 


TABLE 3 

Properties of products from primary distillation of Pennsylvania 4^-4$° A.P.Z. gravity 

crude oil (76 ^ 17) 



* The light gasoline shown, having an A.P.I gravity of 80 and representing 3.6 
per cent of the crude or 13.8 per cent of the total gasoline, was preflashed and not 
fractionated. This product is usually blended with the heavy gasoline to produce 
the 66® A.P.I. gravity gasoline shown in table 2. 

t Furnace oil and fuel oil may be varied as the market demands. 
t While the unit was designed for taking off a slop wax, the fraction usually is 
sufliciently sharp to eliminate the necessity of this cut. 


gasoline having an octane rating of 58. The straight-run gasolines in the 
entire field range in octane number from 17 to 58. The gasoline having 
an octane number of 17 comes from Baker (Montana) crude oil. (7) 
California: — The octane numbers of straight-run gasolines from California 
crude oil generally range from 52 to 66. The lighter crude oils are pro- 
duced in the Signal Hill district and the heavier crudes come from the Los 
Alamos and Santa Maria fields. The heavier crudes are usually higher in 
sylfur content. 



TABLE 4 

Octane ratings and inspection data for siraight-run gasolines from various crude oils 


s? 

‘vjnpuoj 

1 <0 Oi CO CMOOO'^CC 

OO r-4 

rH '«t? 0 O 

CO CO £5 

1 C 3 53 o o o 

CO ^ OO »“< »-• 
05 

Snitao^Ajj^ 
‘ 0 ^tri A©H 

So issfes 

S SS o 

1 03 q 6 0 0 0 

^ M 00 T-H T-H 
05 

5 SR 

mi 

< is 

«a«T«noT; 

*«89opoy^ 

^ <o<o cog 

55 »o o 

360 
399 
98 5 
1 0 
0 5 

swtnrJiJV 

‘jaAo^tDvnif; 

W wco gg S 8 Sg!S 2 

o ot- ^«t 4 c 5 co 

1 -H Tf O 

g »o to 0 

M 00 >-H 0 

05 
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g 

g 

f 

a 

(>j| 0008081 {) 

-pi 8 MOH) 

« 8 MX -IsaM 

lO coo OOiTfopO 

CO O rt< O t- 

S S3S 

g g 0 0 0 

CO -rt* 00 ^ -r-t 
05 


39 9 

35 0 
64 3 

55 
0 02 

.. 

122 

142 

172 

236 

00 r-H iO 0 10 

0 

CO Tfl ^ 1 -H T-t 


38.9 

35 0 
60 5 

45 

0 03 

110 

154 

171 

196 

259 

347 
398- 
98 0 

1 0 

1 0 

MICmOAN, 

INDIANA, 

ILLINOIS 

Mt. 

Pleasant, 

Michigan 

40 7 

35 9 

62 5 

22 

107 

142 

162 

193 

269 

364 

401 

98 5 

1.0 

0 5 

OULT COAST 

Flour 

Bluff. 

Texas 

43 2 

26 0 
59 9 

46 

0 02 

120 

170 

186 

212 

267 

325 
374 
98 0 

1 0 

1 0 

Placedo, 

Texas 

24 4 

2 0 

No analysis 
because 
of low 
gasoline 
content 

White Castle. 
Louisiana 

24 0 

4 6 
46 4 

Approx. 70 

0 02 

127 

214 

240 

266 

301 

358 
400 
98 5 

1 0 

0 5 

i 

s 

8 >. ® 
5||1 

14 1 

12.7 
54 3 

61 

118 

166 

188 

217 

280 

355 
400 
98 0 
1.0 
1.0 

Signal 

liU 

light 

crude 

25.2 

20 7 
52 8 

58 

0 10 

144 

202 

220 

240 

282 

349 
400 
99 0 
1.0 

0 0 

APPALACHIAN 

S ® 

35.0 

25.2 
58 5 

Approx 42 
0.03 

140 

170 

193 

222 

276 

350 

400 

98.5 

1 0 

0 5 

aD 

a- 

c 

0 

SR 

1 

o . 

ft 

Crude oil: 

Gravity, ®A.P.I 
Straight-run gasoline: 

Yield, per cent of crude . . 
Gravity, °A.P.I 

Octane No., C.F.R. motor 
method 

Sulfur, per cent 

Distillation characteristics: 
Initial boiling point, ®F 

5 per cent 

10 per cent 

20 per cent 

50 per cent 

90 per cent 

End point, °F 

Per cent over 

Per cent bottoms 

Per cent loss 
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C. Cracking 

1. Straight-nm gasolines and naphthas 

In view of the increasing number of high-compression motors in use, 
straight-run gasoline is no longer suitable as a fuel. It is necessary to 
convert it into suitable hydrocarbons which possess greater antiknock 
properties. The branched-chain paraffins are the most desirable type at 
Ibis time (September, 1937) ; however, olefins, naphthenes, and aromatics 
are suitable. To convert the knocking gasolines into non-knocking ones, 
they are subjected to temperatures of the order of 1026®F. and pressures of 
the order of 750 lb. It is estimated that 25 per cent of the 231,587,000 
barrels of straight-run gasoline and naphtha produced during 1936 was 
reformed (cracked) into gasoline of higher octane numbers. The reforming 
of gasoline is increasing in order to meet the demand for high-octane 
gasoline. 

Octane ratings and laboratory inspection data for reformed and cracked 
gasolines, as produced from various crudes, are given in tables 5 and 6. 

As noted in table 5, the reforming stocks varied from straight-run 
naphtha to light gasoline Yields of reformed gasoline with octane ratings 
of 57 to 80 ranged from 38 per cent to more than 88 per cent, depending 
upon the cracking plant operating conditions and the type of stock used. 

2. Heavy oils to gasoline 

The modern refining of crude oil, when only gasoline is the desired end- 
product, takes place in combination topping and cracking units. As noted 
in table 6, in some cases the whole crude was subjected to cracking condi- 
tions of heat and pressure to produce the cracked fuel. In other cases 
either the topped or reduced crude was utilized. The yields of cracked 
gasoline, based upon the charge, ranged from 44 per cent to over 63 per 
cent, with ratings from 68 to 77 octane number. It should be mentioned, 
however, that both the yield and the quality of the gasoline produced are 
dependent upon the cracking stock and upon such operating conditions as 
time, temperature, and pressure. 

A flow chart of a topping and cracking unit handling 12,500 barrels 
of California crude oil per day is shown in figure 3. The cracking section 
is based upon the selective principle, which uses two or more heating coils 
in order that each fraction of the oil may be converted under its best time, 
temperature, and pressure conditions. 

The crude oil charged to the unit usually contains water as an emulsion, 
together with dissolved salts, which it is desirable to remove before proc- 
essing in the unit. To accomplish this, the crude oil is pumped through a 
ileat exchanger under a pressure of approximately 165 lb. per square inch, 



TABLE 6 

Octane ratings and inspection data for reformed straighi-run gasolines and naphtha from various crude oils 
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TABLE 6 

Octane ratings and inspection data for cracked gasolines from various crude oils 



Per c«it bottoms 
Per oeot kee 
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Fig. 3. Flow diagram of modem combination topping and selective cracking unit handling 12,500 barrels of crude oil per day. (Uni- 
versal Oil Products Company) 
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where the temperature of tlu' oil is raised to 225°F. It is then passed to a 
settling ehamber Und(‘r tliese eouditions of temperature and jiressure the 
viscosity of the crud(‘ oil is nalueed, l>ut vaporization of the water is pn^- 
^('nted As a result, the salt water drojis out and is nanoved from the 
bottom of tlu‘ s(‘ttl('r 

dlie crude oil them flows irom th(‘ top of th(' settling tank through a 
s(‘ries of lieat exchangers to increase the tempia-ature to approximat('ly 
55()°F Flu‘ ])reh(*at(‘d oil is passed to the crud(‘ oil-fractionatmg column, 



Fkj 4 Topping and naoking unit handling ir),0(X) ban els pei day 


wh(‘r(^ the gasolim* is distilled and thcai condensed, flowing to a storage 
tank. Th(‘ fractionating column for this service is 11 ft in diameter and 
49 ft high The to])ped crude* from the bottom of the fractionating column 
IS i)um])ed dir(‘ctly to the bubble towT*r of the cracking unit The crack- 
ing unit fractionating column is 11 ft in diamet(*r and 74.5 ft high. The 
topped crude passing down through this column contacts the hot ascending 
vaiiors and a partial fractionation takes place. The vapors passing up the 
column are separateal as a liquid side(*ut and an overhead consisting of 
gasoline and gas The liquid sidecut, called light oil, is pumped from one 
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()1 t}i(‘ ])u))))l(‘ (l(‘ck^ to tlif' li^liT-oil lurnyc(‘ tubes and h(\‘it(‘(l to a tenijxa’a- 
tuH' ot aj)i)ro\iniat(‘ly 960°F The ^Jasoliiu' vai)ois and gas pass from thc' 
top of tlie tuu tionatiiig eolunm thiougb a eooliiig eoil to a n'cen er, 
a s(‘paration ot gasolim* and gas is inad(‘ ddie uneoiu ('rt(‘d oil from t}i(‘ 
bottom ol tlu' iraetionatnig eolumii, n‘i(‘rred to as laaivy (*ombm(‘d f(‘('d 
and consisting ol t}i(‘ laaivy (aids ot botli th(‘ charge and tlu' vapors eon- 
(h'lised m tlif' tovia, is ])ump(‘d through the heavy-oil lurnaca^ tu})(\s, wlnaa* 
tlK‘ t(‘m])eratuM‘ is laised to apjiroximatt'ly 92r)°F 

FIh' latmgs ol th(‘ light- and heavy-oil h('at(Ts ai(' 53 and 61 million 
Ht u jxa' hoin absoitxal by th(‘ oil 1lie outhd ])n'ssur('s ol th(‘ t^^o 
Ipaiter.N an' 300 and 2(S0 lb p('r scpian' inch, n'sjx'ctively Flu' lu'atc'd 
hydroeai bons trom both th('s(' lieaters ])ass to th(‘ to]) ol th(' n'acdion 
(‘haml)(‘r, vlmdi i^ 7 ft m diamet('i and 50 It high and is maintauKHl 
at a pK'ssuH' of 275 lb 

Fh(‘ liydroearbon mixtun' Irom tlu' bottom of tlie rc'aetion ehamlx'i 
])ass(‘s to tlu' })nmarv Hash eliamln'r, which is ] ] It in diam(‘t(‘r and 
40 it higli Th(‘ flash chambiT and subs(HjU(ait e(]uii)m(‘nt thiough 
the eond(‘nser to tlu* r(*c(‘iv(*r are mamtanu'd at a jinssun* of approxi- 
mat(*ly 1 00 Ib Flu* mati'rial entering tlu* flash chamix'r is sejiarated into 
bottoms of ciaek(*d unflash(*d residiu* and ovc'thead vapors of gas, gasolnu*, 
and r(*eyei(' stock Flu^ \a]X)rs tiom tlu* to]) of tlu* flash (*hambor jiass 
through a h(*at ('X(*hanger into tlu* Iraetionatnig column, wh(*re tlu'y con- 
tact tlu* to])p(*d crude oil as previously d(*scnbed Flu* untlaslu'd r(*sidu(' 
jiasj^es to a s(*condary flash chamber, which is 6 It m dianuder and 28 5 
It high, maintam(*(i at about 20 lb jiiessun* ddu* mat(*ual (*nt(*rmg this 
chamlx*r s(‘parat('s into low-giavity (*rack(xl n'siduum bottoms and o\er- 
lu*ad vapors \\hi(*h an* n'tuiiu'd to tlu* iraetionatnig column Flu* n*sid- 
uuni is bleiuh'd with ])ait of tlu* sid(*cut of tlu* column to ])roduc(* a 
bh’iided residue* nu*eting tu(*l-oil s|)ecifications. 

Flu* va]x)rs from tlu* to]) ot the fractionating (*olumn, at a tem])eratur(' 
ol 380°F , pass through h(‘at exchangers and a (*ondens(*r into a rec(*i\(‘r, 
vlu'H* a s(*paration ot tlu* gas and crack(*d gasolim* is made Fhe crack(*d 
gasolnu* has tlu* re(]uir(*d c'nd point and tlovs to a stabilizer to i)roduc(* tlu* 
n*(jiiir(*d vajior pressure, which normally vari(\s from 8 to 12 lb. (Held at 
100°F ) d('p('nding u])on the s(*ason ot the y(*ar Flu* cracked gasoline 
may lx* vater-\\ash(*d, caustic soda-tr(*at(*d, or sweet(*ned and th(*n fortihed 
against d(‘t(*rioration by antioxidants It may lx* colored by a dy(', and as 
such is suitabh* tor marki'ting 

A typical comm(*icial run of thirty days in tlu* described plant, jirocc'ss- 
ing 373,650 barn*ls of Faliforma crude oil at the rate* of 12,500 barrels jier 
day, ])rodiu*i*d an a^erag(* of 64 03 per cent motor fuel, 28.86 ])pr cent 5 1® 
A PI gravity cracked fu(*l oil, and 7 11 per cent gas and loss A sum- 
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mary of the operating conditions used and of the volumes and properties 
of the products produced is given in tables 7 and 8. 

TABLE 7 


Summary of operating conditions used and volumes of products produced when topping 
and cracking California crude oil 


OPUBATIOM AND PBODTTCTS 

TOTAL NT7MBBB 
or BABBBL8 

BABBBLS 
PXB DAT 

P»B CBNT or 
CHABQB 

Topping operation: 

i 



Crude oil . . 

373,660 1 

12,466 

100 00 

Products: 



Straight-run gasoline 

119,670 

3,989 

32.03 

Topped crude 

260,200 

8,340 

66.96 

Gas and loss 

3,780 ! 

126 

1.01 

Totals 

373,660 

12,466 

100.00 

Cracking operation : 




Topped crude . 

250,200 

8,340 

100 00 

Products: 




Cracked gasoline j 

119,680 

3,986 

47.79 

Cracked residuum 

107,820 

3,694 

43 09 

Gas and loss 

22,800 

760 

9.12 

Totals . . 

260,200 

8,340 

100 00 

Combination topping and cracking operation: 
Products processed: 




Crude oil 

373,660 

12,466 

100.00 

Products: 

1 



Straight-run gasoline 

119,670 

3,989 

32.03 

Cracked gasoline 

119,680 

3,986 

32.00 

Total gasoline 

239,260 

7,976 

64.03 

Cracked residuum 

107,820 

3,694 

28.86 

Gas and loss 

26,680 

886 

7.11 

Totals ... 

373,660 

12,466 

100.00 


Time on stream » 30 days; total gas produced « 122,400,000 cu. ft. 


D, Commercial gasolines and their properties 

The average octane ratings and volatility of commercial gasolines as 
marketed in certain parts of the United States during the last ten years 
(80) are shown in table 9. It is interesting to note the trend toward 
higher volatility and increased octane ratings during this period: for the 
premium grade, an increase of 6 octane numbers resulted during the past 
s^ years; for the regular grade, an increase of 10 octane numbers; and for 
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the third grade (largely straight-run gasoline), an increase of 3 octane 
numbers. 

Studies of the properties of motor fuels conducted by the U. S. Bureau of 
Mines and the Cooperative Fuel Research Committee (74) for the winters 
of 1935-36 and 1936-37 indicate somewhat higher octane ratings for 
regular- and premium-price gasolines and somewhat lower for third-grade 
products during the winter of 1936-37. The average results for eighteen 
marketing areas in the United States are shown in table 10. Other prop- 
erties of the three grades of motor fuels are shown in tables 11, 12, and 13. 


TABLE 8 

Laboratory analyses of straight-run and cracked gasoline produced when topping and 
cracking California crude oil 


PROPKBTIKS 

CBUX>B OIL 

STBAIGHT* 

BUN 

OABOUNB 

CBACKBD 

OABOUNB 

BLBNDICI) 

BBSIDUB 

Gravity, °A.P I 

30 6 

62 1 

69 6 

6.1 

Distillation characteristics: 





Initial boiling point, T 

166 

126 

102 


10 per cent 

277 

199 

142 


30 per cent 

441 

248 

184 


60 per cent 

683 

287 

241 


90 per cent . . . 

687 

389 

344 


End point, 


426 

383 


Per cent distilled at SOOT 

12 




Per cent distilled at 400®F 

26 




Octane No., C.F.R. motor method i 


66 

71 


Reid vapor pressure, lb. per square inch at 





lOOT 


6 0 

9 3 


Sulfur, per cent 

0.66 

0 06 

0 37 


Color 


26 

I 


Viscosity, S F. at 122°F 




240 

Flash point, P.M., ®F 




194 

B. S. <fe W., per cent 




0.1 


E, Tractor fuels 

Distillates, kerosene, and gasoline are used as tractor fuels. In many 
cases such fuels are raw or unfinished products. Although a number of 
tractors are operated on gasoline, the majority still burn kerosene or dis- 
tillates such as furnace oils, with kerosene gradually being replaced by 
the lower-grade distillate fuels. 

As for the use of gasoline as tractor fuel, it is claimed that consumer 
demand for high-compression gasoline-burning tractors is increasing at a 
rapid rate (53). Such engines are now available either as standard or 
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TABLE 9 

Volatility and octane ratings of average commercial gasolines {80) 


YSAR 


QABOUNK AND PBOPERTIIDS 



1927 1 

1928 

1929 ! 

1930 

1931 

1932 

1933 

1934 

1935 

1936 

1937 

Premium grade: 












Octane No., C.F.R. motor 












method 





72 

74 

76 

76 

76 

76 

77 

Distillation characteristics: 












Initial boiling point, °F . 

117 

106 

106 

94 

94 

97 

96 

93 

94 

91 

93 

10 per cent 

161 

163 

167 

140 

141 

146 

142 

136| 

132 

129 

126 

20 per cent 

191 

187 

185 

174 

170 

171j 

177 

163 

167 

163 

160 

60 per cent 

257 

263 

267 

266 

246 

243 

237 

236 

226 

223 

219 

90 per cent 

371 

370 

362 

366 

361 

352 

360 

344 

338 

338 

332 

End point, ®F 

421 

419 

404 

407 

403 

363 

399 

394 

392 

392 

386 

Recovery, per cent 

98.0 

97 7 

98.0 

97.0 

97 6 

96 9 

96.4 

97.1 

96 9 

96.4 

96.6 

Reid vapor pressure, lb per 












square inch at 100 °F 





7.6 

8.1 

9.0 

8.8 

9.6 

10.2 

9.2 

Regular grade: 

Octane No., C.F.R. motor 












method 





60 

61 

66 

69 

69 

69 

70 

Distillation characteristics: 












Initial boiling point, °F 

114 

99 

104 

97 

97 

94 

94 

92 

90 

87 

89 

10 per cent 

160 

146 

160 

149 

148 

143 

139 

136 

127 

127 

125 

20 per cent 

192 

180 

186 

182 

182 

173 

166 

163 

1 163 

166 

150 

60 per cent 

269 

267 

271 

261 

256 

256 

247 

242 

231 

236 

240 

90 per cent 

375 

379 

381 

376 

373 

377 

365 

364 

352 

359 

368 

End point, °F 

426 

426 

423 

416 

411 

404 

406 

403 

400 

406 

401 

Recovery, per cent . 

97 8 

97.4 

97 8 

96.5 

96.9 

96 7 

96.6 

96 7 

96 4 

96.2 

96.2 

Reid vapor pressure, lb. per 




1 








square inch at 100 °F 





6 4 

9.0 

9.5 

9 6 

10.4 

11.1 

10.3 

Third grade: 

Octane No., C F.R. motor 












method 






61 

63 

63 

62 

61 

54 

Distillation characteristics: 


1 










Initial boiling point, ®F 

94 

94 

96 

87 

1 

102 

96 

1 94 

97 

99 

97 

10 per cent . . . 

130 

! 146 

i 137 

143; 


162 

148 

146 

148 

154 

143 

20 per cent . 

162 

180 

170 

mi 


193 

181 

180 

181 

186 

173 

60 per cent . 

300 

264 

265 

267 


276 

264 

252 

261 

267 

248 

90 per cent 

436 

386 

391 

404 


380 

368 

367 

373 

371 

361 

End point, °F 

466 

422 

429 

437 


426 

426 

425 

421 

416 

411 

Recovery, per cent 

96 0 

96.0 

96.6 

96.5 


97.3 

97.3 

97.6 

97 0 

96.7 

96.7 

Reid vapor pressure, lb. per 












square inch at 100®F . . 

i 

I 





6.6 

7.6 

8.4 

7.8 

8.0 

8.0 
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TABLE 10 


Comparative octane ratings for regular-^ premium-, and third-grade gasolines (74) 
for the winters of 1936~S6 and 1936-87 


FUBL 

OCTANX NO. 

1 

Winter 

1035-36 

Winter 

1936-87 

Regular grade: 



Minimum rating 

61 

64 

Maximum rating 

72 

68.9-71.4 

Range of 90 per cent 

68-71 

74 

Premium grade: 



Minimum rating. 

69.1 

74 

Maximum rating 

81 

83 

Range of 90 per cent 

73.7-80.5 

76 4-80.7 

Third grade: 



Minimum rating 

33.6 

44 8 

Maximum rating , . . 

69 1 

69 0 

Range of 90 per cent 

60-66 

50 4-64 0 


TABLE 11 


Regular-price gasolines (74) for the winters of 1935-36 and 1936-37 


PBOPXRTIBS 

wiNTXB or 1935-36 

WINTER or 1986-37 

Mini- 

mum 

Range of 

90 per cent 

Maxi' 

mum 

Mmt- 

mum 

Range of 

90 per oent 

Maxi- 

mum 

Gravity at 60®F. : 




j 



Specific 

0 763 

0 747-0.716 

0.707 

0 783 

0 746-0.717 

0.709 

°A.P.I .. 

64.0 

68 0-66.5 

68 6 

49,2 

58,3-66 9 

68.2 

Sulfur, per cent 

0 014 

0 02-0 15 

0.30 

0.007 

0.028-0.14 

0 36 

Reid vapor pressure, lb. per 







square inch at 100 °F 

6.8 

7.1-12.4 

13.16 

7.3 

8.4-12.4 

12.8 

Copper strip test . . 


Negative 



Negative 


Octane No., C.F.R. motor 







method 

61 

68-71 

72j 

64 

68.9-71.4 

74 

Distillation characteristics: 







Initial boiling point, °F 

79 

82-98 

100 

67 

83-94 

107 

10 per cent , 

108 

114-144 

166 

107 

115-144 

160 

20 per cent . 

124 

132-176 

186 

130 

136-174 

192 

60 per cent 

178 

207-266 

m 

192 

235-266 

273 

90 per cent 

246 

336-377 

388 

287 

336-370 

390 

End point, °F 

332 

386-416 

464 

342 

382-416 

443 

Per cent loss . 

0.9 

1.0-3. 6 

5,0 

0.8 

1.0-3. 4 

6.0 
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TABLE 12 


Premium-price gasolines (7^) for the winters of 19S5-S6 and 19$6-S7 


PBOP1IBTIB8 

WINTBB OF 1035-36 

WtNTBB OF 1036-57 

Mini- 

mum 

Range of 

90 per cent 

Maxi- 

mum 

Mini- 

mum 

Range of 

00 per cent 

Maxi- 

mum 

Gravity at 60°F. : 







Specific . .... I 

0.779 

0.749-0.702 

0.684 

0.783 

0.747-0.710 

0.676 

°A.P.I 

60 1 

67.5-70 0 

75 4 

49.3 

67.9-67 9 

77.7 

Sulfur, per cent 

0.006 

0.02-0.08 

0.179 

0.007 

0.022-0.19 

0 166 

Reid vapor pressure, lb. per 







square inch at 100®F 

3.1 

6.0-11 6 

12.56 

6.6 

7.3-11.2 

12.2 

Copper strip test 


Negative 



Negative 


Octane No., C.F.R. motor 







method 

69 1 

73.7-80.5 

81 

74 

76.4-80 7 

83 

Distillation characteristics : 







Initial boiling point, °F 

76 

84-107 

128 

80 

86-103 

116 

10 per cent 

110 

116-150 

178 

no 

117-160 

168 

20 per cent 

117 

134-176 

201 

117 

134-176 

187 

50 per cent 

143 

180-262 

261 

136 

186-260 

269 

90 per cent 

264 

273-369 

378 

245 

289-364 

390 

End point, ®F 

331 

343-416 

439 

335 

368-416 

426 

Per cent loss 

0 6 

1 0-3 0 

3.6 

0 

0 9-2 8 

4 0 


TABLE 13 

Third-grade gasolines (74) for the winters of 1935-S6 and 1936-57 


PBOPBBTZBB 

WINTBR OF 1986-36 

wiNTBB or 1036-37 

Mini- 

mum 

Range of 

90 per cent 

Maxi- 

mum 

Mini- 

mum 

Range of 

00 per cent 

Maxi- 

mum 

Gravity of OO^F.: ^ 







Specific ... 

0.767 

0.763-0 724 

0.704 

0.769 

0.761-0.729 

0.717 

‘‘A.P.I 

66.4 

66.6-64 0 

69 6 

66 

66.9-62 6 

66.8 

Sulfur, per cent . ... 

0 016 

0.02-0.20 

0 23 

0.006 

0.021-0.13 

0.27 

Reid vapor pressure, lb. per 







square inch at 100°F 

4.2 

6.6-10.4 

13.4 

2.6 

6 7-9 8 

10.7 

Copper strip test . 


Negative 



Negative 


Octane No., C.F.R. motor 







method . . 

33.6 

60-66 

69.1 

44.8 

60.4-64.0 

69.0 

Distillation characteristics: 







Initial boiling point, ®F . . . , 

78 

84-104 

128 

76 

86-104 

143 

10 per cent 

113 

127-161 

179 

119 

127-169 

198 

20 per cent . 

128 

150-196 

206 

141 

160-196 

219 

60 per cent . . 

184 

230-276 

282 

216 

229-278 

288 

90 per cent 

292 

330-393 

399 

312 

336-386 

391 

End point, ®F . . . 

341 

388-430 

611 

368 

388-427 

437 

Per cent loss 

0.6 

1.0-3.6 

6.6 

0 

1.0-2. 9 

1 

6.0 
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optional equipment on many makes of tractors. It is reported (53) that a 
tractor designed to operate on 70-octane gasoline will do approximately 
33^ per cent more work than a similar tractor with low compression using 
kerosene or a distillate fuel. 

No specifications for tractor fuels as such have been issued by the 
A.S.T.M. Whatever specifications for this product may exist are chiefly 

TABLE 14 


Specifications adopted by the Western Petroleum Refiners Association 
for tractor fuels {78) 


Flash point, , minimum 

Distillation characteristics, °F.: 

10 per cent, minimum 

26 per cent, minimum 

95 per cent, minimum 

Color 

no 

1 

347 
! 392 

464 

— 16 or darker 

TABLE 15 



Tractor-fuel specifications (78) of the State of Illinois 

Flash point, ‘'F., minimum 


100 

Distillation characteristics, °F. : 



Initial boiling point, minimum 


300 

26 per cent, maximum 


392 

90 per cent, maximum 


460 

TABLE 16 



Tractor-fuel specifications (6) of the State of Minnesota 

Distillation characteristics, °F : 



Initial boiling point, minimum 


225 

10 per cent, minimum 


276 

10 per cent, maximum 


347 

90 per cent, minimum { 


464 

End point, maximum 


600 

Color 


— 16 or darker 


those prepared for marketing purposes and by state regulations. For 
example, the Western Petroleum Refiners Association has adopted the 
tractor-fuel specifications shown in table 14 to be used as a standard for 
members of the association (78). The regulations of the State of Illinois 
(78) are given in table 15. 

A bill introduced recently into the Minnesota House of Representatives 
(6) calls for the specifications shown in table 16. Although the specifica- 
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tions given do not include octane rating, it has been suggested ( 78 ) that 
the octane numbers of tractor fuels should be above 30. 

Octane ratings and laboratory inspection data on typical Mid-Continent 
straight-run and cracked fuels (78) are given in table 17. 

F, Diesel fuels 

Diesel fuels may be derived from petroleum, shale, coal tar, or vegetable 
oils. For high-speed engines it is generally agreed that fuels of a paraffinic 
nature give the best results; aromatic fuels are the least suitable. Be- 
tween these two extremes lie fuels of the naphthenic and olefinic type, which 


TABLE 17 

Typical Mid-Continent straight-run and cracked products (78) 


PROPSRTIKS 

STRAiaBT'RUN PRODUCTS 

CBAOKZD FURNACX OIL 

Kerosene 

Qas oil 

No. 1 

No. 2 

Gravity at 60®F. : 





“A.P.I 

42 

32 

37 

28 

Specific 

0.82 

0 87 

0.84 

0.89 

Distillation characteristics : 





Initial boiling point, ®F 

360 

370 

326 

376 

10 per cent 

390 

430 

380 

430 

90 per cent 

470 

640 

440 

636 

End point, ‘’F , 

610 

700 

490 

700 

Per cent at 392®F . 

10 

2 

16 


Flash point, °F 

140 

140 

120 

160 

Octane No., C.F.R. motor method 

0-10 

Below 0 

40-60 

0-20 

Heat content (net): 





B.t.u. per pound 

18,600 

18,200 

18,600 

18,300 

B.t.u. pound per gallon 

126,000 

j 131,600 

130,000 

136,000 


are suitable for the medium-speed and low-speed engines where fuel quality 
is of less importance. 

Coal-tar oils, coal dust, and mixtures of coal and oil have been used as 
Diesel fuels, particularly in Germany (44, 43). They were found to be in- 
ferior to petroleum oils. 

Vegetable oils such as peanut, cocoanut, soybean, and palm oils have 
also been used as Diesel fuels. Tests conducted with such fuels resulted 
in starting difficulties, low power output, and high fuel consumption (44, 
43). In the natural state they contain gum-forming materials, but it is 
reported that they may be cracked to produce usable Diesel fuels. 

Shale oils of Diesel boiling range may be mixtures of paraffinic, aromatic, 
naphthenic, or olefinic hydrocarbons. The shale oils of the paraffinic type 
have been found to be satisfactory for high-speed Diesel engines (44, 43). 
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The retorting of oil shale to produce oil, gas, and coke is in commercial 
operation in a number of foreign countries, — Scotland, France, Spain, 
Esthonia, Australia, and Manchuria. Oil production from shale is rela- 
tively expensive, and, despite a vast amount of research in the United 
States, to date no process has been found to allow it to compete successfully 
with petroleum. 

It is apparent, therefore, that substantially all Diesel fuel for many 
years to come (at least in the United States) will be obtained from pe- 
troleum chiefly as straight-run and cracked distillates or mixtures thereof. 

Distillate fuels are intermediate between gasoline and residual fuel oil. 
The maximum yield of straight-run distillate fuels would result only when 
none of the kerosene, gas-oil, and fuel-oil fractions of the crude oil was used 


TABLE 18 

Average yield of the various products produced from crude petroleum in the United States 

(78) for the year 1986 


PBODUCTS OBTAINJCO FBOM CBUl>B PETBOLEUM 

THOUSAND 

1 BABBELS 

PKB CENT OF 
CBUDE 

Crude petroleum 

; 1,098,616 

100 0 

Motor fuels 

470,907 

42 9 

Straight-run 

231,287 j 

21 1 

Cracked. . . . 

239,620 1 

21 8 

Kerosene 

66,082 

5 1 

Gas oil and fuel oil 

411,338 

37 4 

Gas oil and distillates . 

125,650 

11 4 

Fuel oil . 

285,688 

26.0 

Still gas 

54,441 

6 0 

Lubricants 

30,855 

2 8 

Other products and loss . 

74,893 

6 8 


as cracking stock, and when all residual fuel was distilled to heavy tars or 
coke. On the other hand, the available supply of straight-run distillate 
fuels would be reduced either through an increased demand for cracking 
stock or through an increased demand for burner and heating fuels. The 
maximum available yield, if none was used for cracking and if all crude-oil 
distillation were carried to completion, might be as high as 65 to 70 per 
cent. 

The proportion in which cracked and straight-run distillates are available 
from average crude by present refinery practice is shown in table 18. 
From each barrel of crude petroleum processed in 1936, a total of 42.5 
per cent of kerosene, gas oil, distillate fuels, and fuel oil was produced 
(73). Although this total would not have been suitable for the high-speed 
Diesel, it is reasonable to believe that a percentage of the kerosene and 
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fuel-oil fractions could have been combined with the gas oil and distillate 
fuels to make available approximately 150 million barrels of suitable high- 
speed Diesel fuel. Most of the fuel-oil fraction would then be available for 
use in low-speed engines where fuel quality is of relatively less importance. 

The quality of the straight-run and cracked Diesel fuels obtained from 
the various crude sources in the United States is indicated in table 19. 
It is apparent from a comparison of the data presented in table 19 and in 
table 20 that the straight-run fuels from each oil field are suitable for use 

TABLE 19 


Probable cetane ratings of straight-run and cracked Diesel fuels produced from various 
crudes in the United States 


SOUBCE OF CRUDB 

1036 PBODUonoN (73) 

PBOBABLB AVBBAQB 
OVrANSl BATIKOS BT 
DBLAT MBTHOD ( 44 ) 

Thousand 

barrels 

Per cent 
of total 

Straight- 

run 

Cracked 

1. Appalachian: ! 





Pennsylvania 

27,072 

2.6 

62 

29 

Kentucky and others 

7,246 

0 7 

62 

36 

2 Michigan, Lima (Ohio), and North' 





eastern Indiana 

12,686 1 

1.1 

68 

37 

3 Illinois and Southwestern Indiana 

6,243 

0.6 



4 Mid-Continent: 





East Texas 

168,046 

16 3 

66 

40 

West Texas and Southeastern New 





Mexico 

88,649 

8.1 

46 

30 

Oklahoma, Kansas, and Northern 





Texas 

376,212 

1 34.2 

66 

36 

Arkansas and Northern Louisiana 

37,364 

3.4 



6. Gulf Coast 

139,160 

1 12.7 

68 

41 

6. Rocky Mountain 

22,166 

2 0 

61 

38 

7. California 

214,773 

19.6 

47 

32 

T otal . 

1,098,616 

100 0 



Average cetane rating based on possible production 

64 

35 


in the high-speed engine (with the possible exception of the aircraft Diesel). 
In many cases a considerable amount of cracked fuel may be blended with 
the straight-run fuel and the mixture will still meet the requirements of the 
high-speed and medium-speed engines. 

The method each refiner uses to produce the required grades of Diesel 
fuel wiU depend upon the economics involved. In most cases it is believed 
that cracked distillates will constitute the base fuel, with straight-run 
products added in suflScient quantity to produce the proper ignition 



m.anujaciur€TS' recommended fuel specificattona and A.S.T.M. Diesel fuel-oil classification for high-, medium-, and low-speed 

Diesel engines (45) 
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quality characteristics. The amount of each will depend upon the cetane 
ratings of both the straight-run and the cracked materials. 

In the production of aircraft Diesel fuels where high ignition quality and 
low cloud and pour points are required, indications are that other than 
normal refining methods will be necessary. Refined straight-run fuels of 
high ignition quality usually have high cloud and pour points, whereas 
cracked fuels of low ignition quality have low cloud and pour points. It 
is apparent, therefore, that special methods of refining or treating will be 
necessary in the production of suitable aircraft fuels or fuels for other pur- 
poses where high ignition quality and low pour point are essential. A 
number of these are as follows: ( 1 ) hydrogenation; (^) polymerization; 
( 8 ) mild cracking; { 4 ) dewaxing; (5) pour-point depressors; { 6 ) acid 
treating; (7) solvent treating; and { 8 ) Diesel dopes. 

It is reported that hydrogenation produces fuels of high ignition quality 
and low pour point from either cracked or straight-run petroleum oils. 
With the proper selection of charging stock, indications are that fuels of 
60 to 64 cetane number with pour points as low as —40® to — 50®F. may 
be prepared by this method.^ 

The hydrogenation process may be used also in the production of Diesel 
oils from coal. A number of coal hydrogenation plants are now in opera- 
tion in Europe. At present, the principal product of these plants is 
gasoline, although efforts are being made toward the production of suitable 
Diesel fuels. In one installation (20) the coal is ground, mixed with oil, 
and injected into a converter at the high pressure of about 3500 lb. per 
square inch. It is then heated to about 450°C. (842®F.) and treated with 
hydrogen at that temperature in the presence of catalysts. The oils 
produced are separated by distillation. The heavier fractions are used for 
mixing with the coal as charging stock. The gasoline is ready for use 
after a slight treatment. The intermediate oil is passed to the vapor- 
phase converters where it is mixed with hydrogen under pressure and 
heated to about 500®C. (932®F.). This mixture of hydrogen and oil 
vapor then passes over a catalyst, where part is converted to gasoline and 
part to Diesel fuel. 

Diesel fuels are produced also from the hydrogenation of carbon mon- 
oxide by the Fischer-Tropsch process. It is reported (57) that the gas oil 
derived from Kogasin oil has a cetene rating of over 100. A mixture of 40 
per cent of this gas oil and 60 per cent of a tar oil had a rating of 56 cetene 
number (probably 54 to 65 cetane number). Additional data on these 
two fuels are given in table 21. 

The production of Diesel fuels by polymerization of olefins or alkylation 
of olefins and parafl&ns to produce paraflSns can be accomplished when 


^ Private communication. 
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the economic needs justify. To date, little thought has been given to the 
preparation of Diesel fuels by this method, chiefly because of the low price 
of Diesel fuel as compared to gasoline. From a technical point of view, 
however, it appears that Diesel fuel of satisfactory quality for high-speed 
engines can be made by such a process, providing the chemical reactions 
involved are suitably controlled. It has been found (20), for example, 
that in the presence of aluminum chloride as a catalyst and at about 50 
atm. pressure (735 lb. per square inch) the reactions may be controlled to 
give products of any desired boiling range and chemical composition. It is 
claimed also that paraffinic oils may be obtained without the use of a 
catalyst. 


TABLE 21 


Cetene rating and physical properties of Kogasin Diesel fuel (57) 


PROPERTXBB 

GAS OIL 

MIXED DIESEL 
FUEL 

Cetene No 

Over 100 

56 

Cetane No.* 

100 

54-55 

Distillation characteristics : 



End point, (°F.) 


320 (608) 

At least 60 per cent, ®C. (‘’F.) 

300 (672) 


Specific gravity (dao) 

0.835-0 91 

0 866 

Viscosity at 20®C. (Engler) 

<2 6 i 

1 28 

Flash point, °C. ("F.) 

>65 (149) 

68 (155) 

Solidifying point, ®C. C’F.) 

<0 (32) 

-16 (3) 

Soluble alkali, per cent 

<4 

2 

Water . 

<0 5 

Free 

Hard asphalt 


0 02 

Color . . . 


Brown 


* Estimated by writers. 


Another polymerization process has been suggested (75) in which paraffin 
wax is cracked to give unsaturated hydrocarbons. This material is 
dewaxed, leaving unsaturated low-boiling liquid hydrocarbons. These 
hydrocarbons are subjected to a polymerization reaction with a metallic 
halide catalyst such as zinc chloride, boron fluoride, and ferric chloride, to 
produce saturated higher-boiling hydrocarbons from which polymerized 
Diesel fuel of high cetane rating may be obtained by fractional distillation. 

The possibility of lowering the pour point of a paraffinic Diesel fuel by 
mild cracking (79) has been investigated, with results as listed in table 22. 

Dewaxing (79) also has an application for producing fuels of high ignition 
quality and low pour point. Data for naphtha dewaxing of fuel oils are 
shown in table 23. 
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Pour-point depressors (79) have been found to be effective on Diesel fuels, 
particularly those with low pour points. This is illustrated in table 24. 

TABLE 22 


Effect of cracking on pour point and ignition quality (79) 


Cracking temperature, °F 


700 

700 

800 

800 

Cracking time, hours 

0 

2 

8 

2 

8 

Cracking loss, per cent 

0 

2 

7 

7 

19 

Resultant Diesel fuel : 






Ignition quality: 






Diesel Index No. 

63 

62 

54 

57 

60 

Cetane No (delay) (46) 

56 

55 

48 

51 

46 

Pour point, °F 

35 

0 

-16 

-6 

-20 


TABLE 23 

Effect of dewaxing on ignition quality and pour point (79) 


FUEL 

POUR POINT 

IGNITION QUAUTT 

Dieeel Index 
No. 1 

Cetane No. 
(46) 

Original fuel: 

•F. 

66 

i 

73 

69 

Dewaxed 

0 

62 

56 

Dewaxed 

-30 

68 

51 

Original fuel: 

35 

62 

55 

Dewaxed 

0 

58 

51 

Dewaxed 

-30 

63 

48 


TABLE 24 

Use of Paraflow as a pour-point depressor for Diesel fuels (79) 


PARAFLOW ADDED 

POUR POINT 

per cent 

“F. 

•F. 

•F. 

"F. 

•F. 

0 0 

60 

35 

10 

-25 

-40 

0 1 

60 

30 

6 

-35 

-50 

0.5 

40 

16 

6 

-40 

-60 

1 0 

40 

16 

0 

-46 

-80 

3 0 

35 

6 

-16 

-76 

-86 


Acid treating (79) offers possibilities for producing fuels of high ignition 
quality, as shown in table 25. 

Solvent refining (79) offers a method for the production of Diesel fuels. 
Representative data for extraction of straight-run and cracked fuels 
with sulfur dioxide are given in table 26. It will be noted that solvent 
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treating is not so effective with straight-run fuels as it is with cracked fuels. 
This conclusion may not be true for all types of solvents and Diesel oils. 
Although the ^^treating loss^’ (extract) appears large when extracting for 
the higher ignition qualities, it is not a total loss because the extract, which 

TABLE 26 


Effect of actd treating on ignition quality and pour point of cracked and straight-run 

Diesel fuels (79) 



CRACKED FUEL 

STRAIQHT-BVK FUBL 

Acid, lb. per barrel 

0 

10 

60 

0 

10 

60 

Treating loss, per cent 

0 

6 

27 

0 

7 

25 

Diesel Index No 

46 

48 

65 

38 

41 

48 

Cetane No. (46) 

42 

44 

49 

39 

40 

44 

Pour point, ®F 

-26 

-26 

-10 

-60 

-45 

-30 


TABLE 26 


Effect of solvent treating on ignition quality and pour point (79) 


Cracked fuel: 





Sulfur dioxide, per cent 

0 

100 

300 

600 

Yield (raffinate), per cent 

100 

76 

69 

44 

Loss (extract), per cent 

0 

24 

41 

66 

Diesel Index No 

43 

57 

68 

71 

Cetane No. (46) . 

41 

61 

62 

66 

Pour point, ®F 

-40 

-36 

-30 

-5 

Cracked fuel: 





Sulfur dioxide, per cent 

0 

100 

300 

600 

Yield (raffinate), per cent 

! 100 

76 

67 

41 

Loss (extract), per cent 

0 

26 

i 43 

69 

Diesel Index No 

38 

63 

66 

70 

Cetane No. (46) 

39 

48 

60 

66 

Pour point, "F 

-50 

-50 

-36 

-16* 

Straight-run fuel: 





Sulfur dioxide, per cent 

0 

100 

300 

600 

Diesel Index No 

46 

49 

67 

63 

Cetane No. (45) 

42 

45 

61 

56 

Pour point, ®F 

-26 

-25 

-20 

0 


* With the addition of 0.6 per cent of Paraflow, this ~16°F. pour point was lowered 
to ~-60T. 


is aromatic in character, may be blended as tractor fuel or be recracked 
to produce gasoline of high antiknock value. 

(?. Solvent extraction of gasolines 

Gasolines derived from the atmospheric distillation of crude oils in gen- 
eral contain paraflSn hydrocarbons with straight chains predominating and 
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with naphthenes, aromatics, and sometimes olefins present. Cracked 
gasolines likewise contain varying percentages of these hydrocarbon groups, 
as illustrated in table 27. 

The solvent extraction of motor fuels to segregate the low-octane fraction 
(raflanate) from the high (extract) is an effective means for increasing the 
volume of high-octane gasoline. The residue oil (raffinate) of low octane 
rating can be cracked into high-octane motor fuel. It is estimated that, if 
the 500 million barrels of motor fuel produced in the United States in one 
year (estimated 1937 production) were solvent-extracted, over 100 million 
barrels of gasoline having an octane number of 90 or over would result. 

The Edeleanu process of extraction with sulfur dioxide for the separation 
of aromatics and olefins from the paraffins and naphthenes is in commercial 
operation, treating naphtha at the rate of 6000 barrels a day (66). A 
number of other units are operating, are projected, or are under construc- 
tion at the present time (September, 1937). 


TABLE 27 

Chemical analysis of cracked motor fuels 


PBB CBNT OF HTDBOCARBONS 

NOBTHBBN 

KANSAS 

TOPPBO 

CBUDB 

OIL 

KBNTXJCKt 
FX7BL OIL 

BMACK> 
OVBB 
HBAYT 
CBUDB OIL 

NOBTHBBN 
TBKA8 
FUBL OIL 

LOST 
BOLDIBB, 
WYOMING , 
CBUDB OIL 

SPINDLB- 
TOP, 
TBXAB, 
CBUDB OIL 

Unsaturates 

16.1 

14.4 

14.7 

16 0 

11 7 

14.7 

Aromatics 

17.8 

22 6 

27 6 

18 6 

16.9 

17.3 

Naphthenes . 

12 8 

10 0 

21.2 

11 7 

14.6 

32.6 

Paraffins . 

63.3 

63 1 

36.6 

33 7 

67.9 

36.4 


When extracting a Mid-Continent naphtha of 53° A.P.I. gravity, the 
yield of high-octane fuel varied from 9.1 to 12.5 per cent, as a function of 
the temperature of extraction which ranged from 0° to — 60°F.; the results 
are shown in table 28. 

A Sumatra naphtha when solvent-treated at 0°F. showed a 30 per cent 
yield of extract of 81.8 octane number, while at — 40°F. the octane rating 
was 90.3 for a yield of 22 per cent. Detailed data are shown in table 29. 

When solvent-extracting a South Texas naphtha of 57.9 octane rating, 
the yield of 80-octane fuel was 46.5 per cent at 0°F.; at — 60°F., a 34 per 
cent yield of 90.8-octane product was obtained. The results are shown in 
table 30. 

The properties of the raflSnates derived from the extraction of Mid-Con- 
tinent, South Texas, and Sumatra naphthas are shown in table 31. 

The South Texas sulfur dioxide extract of 89.9 octane rating was sepa- 
rated into 20 per cent fractions and their properties determined as shown in 
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table 32. The last two fractions, representing 38 per cent of the extract, 
showed an octane rating of 99.5. When based upon the original South 

TABLE 28 


Extraction of straight-run Mid-Continent naphtha with sulfur dioxide {66) 



CHABQING 

STOCK 

H10H-K>CTANB OASOUNB 
PBODUCBD 

Experiment No 


1 

2 

3 

4 

Sulfur dioxide used, per cent by volume 


40 

40 

40 

40 

Extraction temperature, 


0 

-20 

-40 

-60 

Yields, per cent by volume 


12 5 

10 6 

9 6 

9 1 

Gravity, °A P I 

63 1 

36 7 

34 7 

33 5 

32 2 

Octane No., C.F R. motor method 

Below 41 

82 6 

86 2 

89 0 

91 0 

Unsaturates and aromatics, per cent by 






volume 

9 6 

70 7 

78 6 

84 3 

89 1 

Naphthenes, per cent by volume 

16 6 

7 3 

5 9 

4 8 

3 4 

Paraffins, per cent by volume 

74 9 

22 0 

16 6 

10 9 

7 5 

Sulfur, per cent by volume 

0 03 




1 0.10 

Distillation characteristics: 






Initial boiling point, ®F 

> 225 

243 

251 

261 

255 

10 per cent 

j 266 

271 

276 

275 

279 

50 per cent 

301 

309 

313 

313 

314 

90 per cent 

369 

362 

362 

361 

364 

End point, ®F 

! 397 

412 

413 

414 

414 


TABLE 29 


Extraction of straight-run Sumatra naphtha with sulfur dioxide {66) 



CHABGZNQ 

STOCK 

HIOH-OCTANB OASOLXNB 
PBODUCBD 

Experiment No 


6 

6 

Sulfur dioxide used, per cent by volume 


86 

66 

Extraction temperature, ®F . 


0 1 

-40 

Yields, per cent by volume 


30.0 

22.0 

Gravity, ®A.P.I 

63 6 

40 8 

36 2 

Octane No., C F.R. motor method 


81 8 

90 3 

Unsaturates and aromatics, per cent by volume. . 
Distillation characteristics: 

19.8 

61.6 

78 7 

Initial boiling point, 

190 

202 

207 

10 per cent 

211 

226 

233 

60 per cent ... 

241 

263 

261 

90 per cent 

288 

293 

*296 

End Doint. °F . . 

321 

318 

324 


Texas naphtha, a yield of about 13 per cent of a motor fuel having an 
octane number of 99.6+ was obtained. 
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The comparative blending characteristics of a 91- and a 98-octane 
extract and isooctane (2,2,4-trimethylpentane), in concentrations of 25, 
50, and 76 per cent, are shown in table 33. The 91-octane number extract 
was obtained by treating the South Texas stock with 70 per cent sulfur 
dioxide at — 60®F., as shown in table 30 under experiment 10. The 


TABLE 30 

Extraction of straight-run South Texas naphtha with sulfur dioxide {66) 



CHABOING 

STOCK 

HIOH-OCTANK QASOLOni PBODtTCSD 

Experiment No 

Sulfur dioxide used, per 


7 

8 

9 

10 

11 

cent by volume 
Extraction temperature, 


70 

70 

70 

70 

70 

°F. 


0 

-20 

-40 

-60 

0 to -60 

Yields, per cent by 







volume 


46.6 

39. 6i 

35.9 

34.0 

34.0 

Octane No , C.F R 







motor method 

57 9 

80.0 

84 4 

88.2 

91.1 

90.8 

Gravity, ®A.P.I 
Unsaturates and aro- 

46.8 

38.9 

36.6 

36.0 

33 7 

33.6 

matics, per cent by 
volume 

31 2 

63.1 

73.6 

80.2 

84.0 

84.7 

Naphthenes, per cent 
by volume 

Paraffins, per cent by 

19,8 

13.2 

10.1 

8.0 

6.2 

5.8 

volume 

49.0 

23.7 

16 4 

11.8 

9.8 

1 9.6 

Aniline point, °C . 
Sulfur, per cent by 


-12 8 

-17.7 

-19.3 

-19.3 

-19.6 

weight 

Below 0.01 

0.01 



0.01 

0.01 

Freezing point, °F 
Distillation character- 





Below —60 


istics : 

Initial boiling point. 







°F . 

232 

239 

237 

241 

247 

247 

10 per cent 

256 

268 

269 

261 

267 

267 

60 i>er cent 

292 

290 

288 

m 

292 

292 

90 per cent . 

344 

338 

336 

336 

337 

336 

End point, °F 

382 

398 

390 

390 

394 

391 


98-octane number blending stock was produced by fractionation of another 
South Texas extract obtained at — 60®F. A Mid-Continent straight-run 
naphtha, with an octane rating of 63.4 and boiling between 102® and 
266®F., was used for the blending tests. Table 33 and figure 5 show the 
octane numbers of the respective blends in relation to the amounts of 
extract or isooctane present. It will be noted that the blending value of 
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TABLE 31 

Properties of raffinates produced hy extracting straight-run naphthas with 
sulfur dioxide (66) 

I ORIGIN or NAPHTHA 



Mid<Contment 

1 Sumatra 

South Teocas 

Experiment No 

1 

4 

6 

6 

7 

11 

Extraction temperature, °F 

0 

-60 


-40 

0 

-60 

Raffinates produced: 







Yields, per cent by volume 

87.5 

90 9 

70 0 

78.0 

63.6 

66.0 

Gravity, °A P I 

54 8 

66 3 

69 2 

69.1 

63 7 

54 0 

Octane No., C F.R motor 







method 


Below 41 

51 2 

60 

Below 41 

Below 41 

Unsaturates and aromatics. 







per cent by volume 


1 6 

2.0 

1.2 ! 

3 5 

1 3 

Naphthenes, per cent by 







volume 


16 



24 6 

26.1 

Paraffins, per cent by volume 


82.5 



72.0 

73.6 

Distillation characteristics: 







Initial boiling point, ®F 


223 

190 

236 

10 per cent 


265 

211 

269 

60 per cent 


303 

240 

298 

90 per cent 


362 

292 

360 

End point, °F 


399 

320 

394 


TABLE 32 

Fractionation of South Texas sulfur dioxide extract (66) 


PBOPSBTIB8 

0-100 
per oent 

0-20 
per cent 

20-40 
per oent 

40-60 
per cent 

60-80 
per cent 

80-98 
per oent 

Gravity, "“A.?.! 

36 6 

41.8 

36 8 

35 6 

32.9 

32.5 

Doctor test 

Sweet 

Sweet 

Sweet 

Sweet 

Sweet 

Sweet 

Unsaturates and aromatics, 







per cent by volume 

78 2 

53.2 

1 81.3 

82.0 

92.7 

92.0 

Octane No., C.F.R. motor 







method 

89 9 

81 1 

92.2 

94.1 

99.6-f 

99.6+ 

Distillation characteristics: 







Initial boiling point, °F 

222 

194 

224 

246 

273 

284 

10 per cent . 

239 

201 

227 

262 

276 

289 

60 per cent 

268 

211 

228 

262 

278 

296 

90 per cent . 

291 

224 

231 

276 

280 

312 

End point, °F 

1 333 

244 

254 

290 

296 

335 
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the 98-octane number extract compares favorably with isooctane, and 
that the blending values of these extracts are about the same as their 
octane numbers. 

Additional information on the subject of solvent extraction is given by 
F. W. Sullivan and 0. FitzSimons. Sullivan (70) reports the use of a 
mixture of liquid carbon dioxide and sulfur dioxide as solvent upon a 
cracked naphtha boiling between 260° and 400°F. When solvent-ex- 
tracted at — 116°F., the cracked naphtha, containing 52 per cent of olefins, 
47 per cent of paraflBns and naphthenes, and 1 per cent of aromatics, 



Fig. 6. Blending values of solvent-refined gasolines 
TABLE 33 

Octane numbers of various blends of extract and isodctane with 6S4'Octane straight-run 

gasoline {66) 


PBR CSNT BLSNDBD 
WITH 63.4-OCTANB 
STRAIORIVBITN GAAOUNB 

1 OCTANB NO. OF BLBND8 

Sulfur dioxide extracts 

Isodctane 

100 

91.1 

98 0 

100 

76 

83.1 

86.6 

88.6 

60 

77.6 

79.0 

79.7 

26 

70.0 

71.6 

71.0 

0 

63.4 

63 4 

63.4 


produced a fraction of 109 octane number (C.F.R. research method). 
FitzSimons (33) reports the use of a mixture of heterocyclic nitrogen bases, 
such as pyridine, quinoline, quinaldine, the picolines, the lutidines, etc. 
in conjunction with sulfur dioxide, for separation of the antiknocking 
from the knocking hydrocarbons in cracked naphthas rich in olefin hydro- 
carbons. When using a solvent mixture of 23 per cent p 3 nridine and 77 
per cent liquid sulfur dioxide, a yield of 28 per cent of extract of 103 
octane number (C.F.R. research method) was obtained from vaporphase 
cracked naphtha. 
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III. MOTOR FUELS PROM NATURAL GAS 

A. Natural gas as source 

1. Methane, ethane, propane, and butanes: direct use as a motor fuel 

Hydrocarbon gases are being used to an ever-increasing extent for motor 
fuel in the form of liquefied methane-ethane mixtures, propane-butane 
mixtures, or as butanes. Methane-ethane mixtures are used to a limited 
extent, chiefly as fuel (not liquefied) for large stationary and “gas Diesel’’ 
engines. In Germany and France a number of service stations are now 
selling liquefied methane-ethane as fuel for trucks and busses. In the 
United States, liquefied propane-butane mixtures and butanes are used 
for tractors, trucks, busses, trains, construction and mine locomotives, 
power shovels, road graders, ditch diggers, industrial plant jitneys, oil 
well drilling, and in many other installations. 

The volume of methane and ethane available during the year 1936 
from natural and refinery gas was 2,475 billion cubic feet, of which 2,175 
billion came from natural gas.^ This volume suggests a potential source 
of over 55 billion gallons of liquefied methane-ethane motor fuel. The 
volume of propane and butanes available in the United States during 1936 
from natural gases was approximately 8 billion gallons, from the distilla- 
tion of crude oil about 1.5 billion, and from cracked gases about 4.5 billion 
gallons, or a total of over 14 billion gallons (34). Thus the total volume of 
motor fuel potentially available from hydrocarbon gases in the United 
States during 1936 was over 69 billion gallons, or over three times as much 
gasoline as was consumed during that year. 

Propane-butane mixtures, like methane-ethane mixtures, have ad- 
vantages when used in the spark-ignition internal-combustion engine. It 
is reported that compression ratios may be increased and higher thermal 
eflSciencies obtained; better carburetion, not possible with a liquid fuel 
such as gasoline, is attained; dilution of lubricating oils is eliminated; very 
little carbon deposit results; the engine runs more smoothly and cooler 
with greater power output and better acceleration and idling; engine wear 
is reduced; spark plug life is lengthened; and obnoxious exhaust odors are 
eliminated (34). , Compression ratios with propane-butane or methane- 
ethane as fuel may be increased to as high as 9 to 1, depending upon com- 
bustion chamber design, size and speed of engine, and type of service. 
This increase in compression ratio is made possible by the high antiknock 
values of these gases, which range from 91 to over 125 octane number as 
shown in table 34. 

The heating values of propane-butane and methane-ethane mixtures 
are considerably lower than those of regular motor gasoline on a B.t.u. 

* Estimated by Gustav Egloff from references 2 and 58. 
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per gallon basis. However, because of the higher compression ratios 
possible with these gases, thermal efficiencies are higher, with the result 
that fuel consumption is about the same as with gasoline. The heating 
values for a number of liquid and gaseous fuels are shown in table 35. 
For comparative purposes, additional properties are included. 

TABLE 34 


Octane ratings of various hydrocarbon gases {BS) 


HTDKOCABBON 

OCTANS NO. 
C.F.R. MOTOK 

IfXTHOD 

Methane . 

126» 

Ethane . ... 

126* 

Propane 

126* 

Isobutane . 

99 

w-Butane 

91 

Mixture : 30 per cent propane and 70 per cent butanes 

106* 


* Approximate ratings. 


TABLE 35 


Heating values and physical properties of various hydrocarbon fuels {liquid) 


FUEL 

BOILINO POINT 

QBAVITT 

AT 0O*F. 

VAPOB 
PBES* 
SUBS 
ZN LB. 
PBB 

BQDABB 

INCH AT 

100*F. 

BBATINO TALT7B 
(qbosb) 

•c. 

•F. 

Specific 

•A.P.I. 

B.t.U. 

per 

pound 

B.t.U. 

per 

gallon 

Methane* 

-161,6 

-268.7 

0 247 

440 


23,910 

49,260 

Ethane* 

-89.4 

-129 0 

0.410 

213 


22,040 

76,380 

Propane* 

-42,2 

-44.1 

0.611 

146 

190 

21,690 

92,400 

Isobutane* 

-12.2 

10.0 

0.576 

114 

76 

21,290 

102,390 

n-Butane* 

-0.6 

31.0 

0.686 

111 

62 

21,330 

104,080 

Aviation gasoline (34) 



0.702 

70 


21,400 

126,000 

U. S. motor gasoline (34) 



0.739 

60 


21,060 

129,000 

Kerosene (34) 



0.816 

42 


20,000 

135,000 

Diesel fuel (34) 



0.904 

26 


19,000 

142,000 


* Calculated from results of F. D. Rossini and G. B. Kistiakowsky, in Bureau 
of Standards Publications. 


Methane-ethane and propane-butane mixtures, with their high vola- 
tility, do not present the problems of incomplete vaporization and unequal 
distribution which are commonly encountered with gasoline or other less 
volatile liquid fuels. Since these fuels are gases when they enter the 
carburetor and manifold, uniform distribution to all cylinders is assured 
and the difficulties occasioned by the wetting of the walls of the intake 
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manifold through condensation are eliminated. These characteristics add 
materially to the life of both the engine and the lubricants, since dilution of 
the oil in the crank case cannot occur from imvaporized fuel dropping from 
the pistons. 

One of the most interesting applications of methane-ethane fuel is in the 
gas Diesel engine (59) which the city of Lubbock, Texas, installed in its 
lighting plant in 1936. The engine is substantially a standard Nordberg 
two-cycle air-injection Diesel. The gas, under pressure, enters the spray- 
valve cage exactly as does the injection air. When the spray-valve needle 
is lifted, the gas at 1100 lb. per square inch pressure (contrasted to the 600 
lb. compression pressure in the engine cylinder) blows through the atomizer 
into the cylinder. Its high velocity, due to the pressure drop, insures 
proper diffusion and proper mixing with the air in the cylinder. Accord- 
ing to reports (68), the operation of this gas Diesel engine has been ex- 
cellent. The unit has carried its rated load without difficulty and handles 
variations in load with satisfaction. Cylinder wear has been about half 
the amount usually found in Diesel engines of the same size. The per- 
formance of this engine has prompted the Lubbock Light Department 
to order another Nordberg gas Diesel engine and to arrange for the con- 
version of another Diesel engine to the use of natural gas. There appear 
to be unusual possibilities in this new type of Diesel engine, particularly 
since it may be switched readily from gas to oil or from oil to gas as oc- 
casion dictates. 

Liquid propane-butane applications are more numerous. Late in 1934, 
the city of Spokane, Washington, as a trial, converted ten busses of a fleet 
of one hundred thirty from gasoline operation to a mixture of propane 
and butane (16). This mixture consisted of 35 per cent of propane and 65 
per cent of butanes. The experiment was found successful enough to 
warrant changing the entire fleet from gasoline to liquefied propane-butane. 
Over a two-year period a saving of 30 per cent in engine maintenance was 
reported (16). 

The cost of converting a truck or bus to use liquefied propane-butane 
(5) varies from $75 to $200, depending upon the number and size of the 
fuel tanks installed and whether a change in compression is desired. In 
preparing this fuel for the engine, four distinct stages are required: namely, 
initial regulation, application of heat, final regulation, and carburetion. 
Because of the fact that the pressure of the propane-butane mixture might 
vary as much as 150 lb., initial regulation is necessary to reduce this 
variable pressure to a practically constant pressure of about 10 lb. per 
square inch. Heat is applied by means of an exchanger which utilizes 
the heat in the cooling-water system. Fuel is delivered from the heat 
exchanger as a gas under 10 lb. pressure to the final regulator. In many 




Fig. 6. Flow diagram of commercial process for separating hydrocarbon gases 
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cases, particularly in truck operation, it is often found desirable to provide 
for the use of gasoline as a stand-by fuel. In such cases, combination 
gasoline and propane-butane carburetors are installed. 

Hydrocarbon gases, whether derived from oil wells, gas wells, the dis- 
tillation of crude oil, or the cracking process, may be separated into their 
components, — methane, ethane, propane, butanes, and pentanes, — by 
compression, absorption, distillation, and stabilization. A schematic out- 
line of a commercial process used for this separation (76) is shown in figure 
6. In this process, a natural gas having the composition shown in table 36 
is separated into its components in the following manner. The gas is 
compressed at a pressure of 200 lb. while in contact with an absorption oil, 
such as mineral seal, at a temperature of 100®F. (absorber 1). The un- 
dissolved gas from the top of absorber 1 is compressed to a pressure of 500 
lb. as it enters absorber 2. The gas leaving the top of absorber 2 consists 

TABLE 36 


Composition of sample of natural gas {76) 


HTDBOCABBON 

MOLKS 

Methane 

35 

Ethane 

30 

Propane . 

22 

n-Butane 

6 

Iflobutane 

4 

n-Pentane 

3 

Isopentane . . 

1 


of 33.3 moles of methane, 7.0 moles of ethane, and 0.2 mole of propane. 
The oil from absorber 2 is discharged into still 2 at a pressure of 300 lb. 
and temperatures of 300®F. at the bottom and 30°F. at the top. The oil 
from absorber 1, containing dissolved gases, is pumped to still 1 at 300 
lb. pressure where temperatures are maintained at 600°F. at the bottom 
and 200®F. at the top. The gaseous hydrocarbons from still 2 are com- 
pressed to a pressure of 600 lb. in fractionating column 2, where a top 
temperature of 40°F. and a bottom temperature of 200°F. are maintained. 
The gases from the top of fractionating colunrn 1, which consist of a mix- 
ture of methane, ethane, and propane, are discharged into fractionating 
column 2 along with the gases from still 2 for the separation of the methane 
and ethane from the propane. The propane fraction from the bottom of 
column 2 is discharged to a storage tank after cooling. The gas recovered 
from column 2 contains 1.7 moles of methane and 23 moles of ethane. 
The purity of the propane fraction leaving the bottom of column 2 is 99.0 
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per cent, representing 21.8 moles of the 22 moles present in the original 
gas. 

The butanes and pentanes discharge from the bottom of fractionating 
column 1 into column 3, where the isobutane is separated under 100 lb. 

TABLE 37 


Plant operating conditions for separation of hydrocarbon gases (76) 




i 

S 

I 

g 

TUMPERATURB 



Top 

Bottom 

Absorber: 


lb. per equare 
%neh 

•F. 

•F. 

No. 1 


200 

100 


No. 2 


600 

100 


Still: 





No. 1 


300 

200 

600 

No. 2 . 

Fractionating column 


300 

30 

300 

No. 1 


460 

150 

300 

No 2 


600 

40 

200 

No. 3 


100 

126 

140 

No. 4 


60 

126 

200 

No. 5 


20 

136 

160 


TABLE 38 


Separation of hydrocarbon gases (76) 


COMPONENT 

ORIGINAL GAB 

RBCOVBBT 

FRACnONATXNO 

Per cent 

Molee 

COLUMN NO. 

Methane 

moles 

36 

4 8 

1 7 

2 

Ethane 

30 

76.7 

23.0 

2 

Propane 

22 

99.0 

21.8 

2 

Isobutane 

4 

100.0 

4.0 

3 

n-Butane 

6 

100.0 

6.0 

4 

Isopentane 

1 

100.0 

1.0 

6 

n-Pentane 

3 

100.0 

3.0 

6 


pressure at 125°F. The normal butane and the pentanes discharge from 
the bottom of column 3 into column 4, where the normal butane is sepa- 
rated from the pentanes at a pressure of 50 lb. and a top teiAperature of 
125°F. The normal pentane and isopentane are discharged to storage 
tanks from the bottom of column 4 into column 6 at a pressure of 20 lb. 
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and a top temperature of 135®F., at which point the isopentane is sepa- 
rated from the normal pentane. 

The operating conditions are summarized in table 37. The recovery of 
the various components in the gas under consideration is shown in table 38. 

Typical analyses of a number of commercial hydrocarbon gases are 
shown in table 39. 


TABLE 39 


Typical analyses of natural {casinghead and gas-well) gases 



[ 


PXB CBNT BT VOLUMX OF 


DIBTBICT 

8AMPLB 

i 

Carbon 

dioxide 

Methane 

w 

Propane 

1 

A 

S 

Normal 

butane 

Pentanes and 
heavier 

California (70): 



i 






Kettleman Hills 

Gas from field 

0 

81 60 

8.47' 

6 29 

0 78 

2 03 

1 83 

North Belridge 

Gas from field 

1.1 

92.21 

3 06 

1 77 

0.28 

0.92 

0.67 

Ventura Avenue 

Gas from field 

0 

89 49 

3 34 

3 64 

0 78 

1.32 

1.43 

Mountain View. 

Gas from field 

0 9 

76 84 

6 46 

7 82 

2 0 

3 83 

4 16 

Santa Fe Springs 

Gas from field 

1.3i 

68.69 

12.16 

10 42 

1 66 

3 35 

2 43 

Taft-Maricopa 

Gas from field 1 

! 

14 2 

64.97 

6 14 

6.72 

1.72 

3 10 

6 15 


Absorption 

0 

83 69 

8.68 

6 42 

0 80 

1 48 

0 03 

Kettleman Hills 

plant dis- 

1 1 

93 49 

3.09 

1 79 

0 28 

0 67 

0.01 

North Belridge 

charge gas 

0 

91.20 

3 40i 

3 71 

0.79 

0.88 

0.02 

Ventura Avenue 

(based on ex- 

0.9 

80.43 

6.71 

8.19 

2 09 

2.62 

0 06 

Mountain View 

traction of 

1.3 

71.09 

12.58 

10.78 

1 71 

2 61 

0 03 

Santa Fe Springs 
Taft-Maricopa 

21.9 lb, Reid 
vapor pressure 
gasoline) 

16 1 

69.16 

6 47 

6 10 

1 83 

2.28 

0.07 

Texas (14): 









East Texas 

Casinghead gas 

0 

41.40 

16 80 

24 20 

2.80 

9 70 

6 10 

Panhandle 

Gas-well gas 

0 

87 13 

6.83 

4.26 

0.65 


! 2.22 

Louisiana (14): 









Northern Louisiana 

Combined casing- 
head and gas- 
well gas 

0 

92 63 

3 86 

1.57 

1.67 

1.09 

0 96 

! 


2. Natural gasoline 

Natural gasoline is an important part of our motor fuel supply, chiefly 
because of its high volatility, blending properties, and antiknock value, 
which ranges from 70 to 85 octane number. It is obtained from casinghead 
gas, which flows from oil wells along with the crude oil, and from gas- 
well gas. These gases contain hydrocarbons, such as methane, ethane, 
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propane, butanes, pentanes, hexanes, heptanes, and octanes, from which 
natural gasoline may be fractionated. 

The presence of natural gasoline was first discovered (14) in the early 
1880^s, when many operators of natural-gas transportation systems ex- 
perienced trouble with condensation in the lines. It was soon determined 
that this condensate was gasoline, and draw-off drips were installed in 
low places along the lines. At that time the facilities for collecting this 
so-called drip gasoline consisted in utilizing the normal gas line pressure 
with the addition of a few cooling coils. 

Today, there are about eight hundred and fifty natural-gasoline plants 
in operation in the United States, with an estimated total daily capacity of 
over 10 million gallons (14). The greatest natural gasoline-producing 
area of the United States lies in the Mid-Continent and Gulf Coast fields. 
The actual production in the United States during 1936 amounted to 1,766 
million gallons, or more than 8 per cent of the total U. S. motor fuel pro- 

TABLE 40 


Production of natural gasoline in the United States (73, 14) for ike years 1916-1936 


TBAB 

MILmON GALLONS 

PBB CBNT or TOTAL MOTOB FtTBL 
PBODXTCnON 

1916 

103 

6 

1920 

386 

7 

1925 

1,127 

10 

1930 

2,210 

12 

1936 

1,632 

8 

1936 

1,766 

8 


duction (73). In 1916 the volume was 103 million gallons, or about 5 per 
cent of the total (14). Production for the intermediate years is shown 
in table 40. 

When natural gasoline is the primary product desired from casinghead 
or gas-well gas, its separation from methane, ethane, and propane is 
much simpler than when individual components are the desired products. 
This separation may be accomplished by: (1) simple compression and 
stabilization; (^) compression followed by absorption and fractionation, or 
absorption, distillation, and fractionation; (3) absorption in activated 
carbon followed by distillation and stabilization. This process is now 
largely superseded by the other processes mentioned. 

The simplest method is shown in the flow diagram of figure 7, which 
utilizes compression of the gases followed by stabilization of the gasoline 
produced to the desired vapor pressure (16). The gas is compressed to 
260 lb. per square inch, after which it is cooled to 75°F., run to a surge tank 
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for intermediate storage, and then to the stabilizer shown. The bottom 
portion of the stabilizer or fractionator is maintained at a temperature of 
260®F., while the top temperature is held at 110®F. by recirculation 



Fig. 7. Flow diagram of method (compression, followed by stabilization) for 
extracting gasoline from hydrocarbon gases. 


V; STABILIZER 




Fio. 8. Flow diagram of method (compression, followed by absorption and frac- 
tionation) for extracting natural gasoline from hydrocarbon gases. 


of the liquid in the accumulator tank. The pressure is maintained at 
225 lb. 

Another method for producing natural gasoline is shown in figure 8. 
The gas is first compressed; this is followed by absorption in a solvent such 
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as mineral seal oil; the gasoline is then distilled and finally stabilised to the 
desired vapor pressure (15). 

For commercial purposes natural gasoline is defined by the following 
specifications: 


Reid vapor pressure at 100 “F 
Per cent evaporated at 140 °F , . 
Per cent evaporated at 275 ®F 
End point 
Corrosion 

Doctor test 

Color 


10-34 lb. per square inch 
26-85 

Not less than 90 
Not higher than 376 ®F. 
Non-corrosive 
Negative (sweet) 

Not less than -h26 (Saybolt) 


Typical analyses of natural gasoline as produced in the Mid-Continent 
and Gulf Coast fields are given in tables 41 and 42. 

When reducing natural gasoline from the various sources to three groups, 
it is obvious that considerable leeway must be allowed in octane rating 

TABLE 41 


Typical analyses of Mid-Coniinent and Gulf Coast natural gasoline (14) 


PROPSRTiaS AND COMPOSITION OF OABOLINn 


SOUROB OF OABOLXNB 


Eaat Tocrb 

North TmtM 

Reid vapor pressure, lb per square inch at 100®F. 

26 

18 

26 

18 

Gravity, ®A P.I ... 

91 0 

86 4 

87.6 

82.6 

Distillation characteristics : 

Per cent evaporated at 100°F 

66.0 

33.0 

40.0 

27.6 

Per cent evaporated at 140®F 

86.0 

77.6 

72.6 

66.0 

Per cent evaporated at 212°F 

96.0 

95 5 

92.6 

91.6 

End point, ®F , 

304 

309 

316 

320 

Octane No., C.F.R. motor method 

84 

78 

82 

76 

Hydrocarbon composition, volume per cent: 
Propane ... 

Isobutane 

1 23 


0.08 

1 64 

1.04 

n-Butane 

35.26 

14.42 

30.96 

14.06 

Isopentane 

24.15 

31 66 

10.69 

13.26 

n-Pentane 

20.37 

28.06 

20.26 

26.46 

Hexane 

Hexane plus 

10.22 

8.77 

13.97 

11.89 

36.69 

46.21 


and specific hydrocarbons present. It will be noted that as front-end 
volatility increases so does the octane rating. However there are a few 
plants, principally in the Gulf Coast area, which produce a product of 
relatively low volatility but of high octane rating. Examination shows 
this to be due to the presence of aromatics, naphthenes, and certain 
branched-chain paraflSns (14). 



218 GUSTAV EGLOFF, W. H. HUBNER, AND P. M. VAN ARSDELL 


TABLE 42 

Typical analyses of Mid-Continent natural gasoline of loWf medium, and 
high volatility { 14 ) 


PROPKBTISB AND COlf POSITION OF O A SO LINK 


Reid vapor pressure, lb per square inch 
at m°F 
Gravity, ®A.P.I 
Distillation characteristics: 

Per cent evaporated at 100°F 
Per cent evaporated at 140®F 
Per cent evaporated at 212°F 
End point, °F 

Octane No , C.F R motor method 
Hydrocarbon composition, volume per 
cent : 

Butanes 
Pentanes 
Hexanes plus 


Vi/LATIIilTT 

VOLATILITY 

Low 

Me- 

dium 

High 

Low 

Me- 

dium 

High 

26 

26 

26 

18 

18 

18 

78-82 

82-85 

84-90 

77-81 

80-84 

84-88 

5-10 

20-30 

30-45 

5-10 

16-25 

30-40 

36-46 

65-70 

70-86 

30-40 

60-65 

68-80 

70-80 

85-92 

93-97 

70-80 

82-90 

91 -96 

365 

347 

329 

365 

347 

329 

Up to 72 1 

74-78 

80-85 

66-70 

71-74 

75-78 

1 



18-20 

16 

16 




25-30 

36-40 

55 60 




60-57 

1 

44-49 

25-30 


TABLE 43 


Octane ratings and physical properties of various straight-chain and hranched-chain 
parafin hydrocarbons contained in natural gasoline 


HYDROCARBON 

OCTANK 
NO BY 

C.F R 

UOTOK 

METHOD 

OBA-nTY AT 60“F. 

BOILING POINT 

Spiecifio 

•A.p.l. 

•c. 

'F. 

Butanes: 







Isobutane 

99 

0 5666 


119 3 

-10 2 

13.6 

n-Butane 

91 

0 6824 


110.7 

0.6 

33.8 

Pentanes: 







2 , 2-Dimethyl propane 

83 

0.631 

D 


9.6 

49 1 

Isopentane 

90 

0 621 

1)19 1° 

94.9 

28.0 

82.3 

n-Pentane 

64 

0.631 

D*oo 


36 2 

97.2 

Hexanes : 







2 , 3-Dimethylbutane 

95 

0.6612 

D»oo 


68.1 

136.6 

n-Hexane 

69 

0 66 

J)iQO 


69 0 

166.2 

Heptanes : 





1 


2 , 2-Diraethylpentane 

93 

0.674 

D*oo 


78.6 

173.6 

2 , 3-Dimethylpentane 

86 

0.6950 



89.4 

192.9 

2 , 4-Dimethyl pentane 

90 

0.681 

D*o° 


1 83.9 

183 0 

2-Methylhexane 

64 

0.707 

Dtoo 


[ 90.4 

194.7 

n-Heptane 

0 

0.684 

Dloo 


98.4 

209.1 

Octanes : 







n-Octane 

-28 

0.707 

D«® 


124 6 

266.3 

2,2, 3-Trimethylpen tane 

101 

0.722 

D*»® 


110.8 

231.4 

2,2,4-Triinethylpentane . ... 

100 

0,704 

Dli® 


99.3 

210.7 
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As indicated in tables 41 and 42, the hydrocarbons present in natural 
gasoline are predominantly straight-chain and branched-chain paraffins. 


wm«»^9js\ 
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Fig. 9. Isopentane blended with 70-octane straight-run gasoline, with and without 
addition of tetraethyl lead. 
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Fig. 10. Isopentane blended with isooctane and aviation straight-run gasoline, 
with and without addition of tetraethyl lead. 


The octane ratings and physical properties of a number of these individual 
hydrocarbons are shown in table 43. 

One of the principal constituents of natural gasoline is isopentane. It is 
estimated that by simple fractionation 190 million gallons of isopentane 
could be produced annually in the United States (62). Its high antiknock 
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value (90 octane number), good susceptibility to tetraethyl lead, and low 
boiling point (82.3®F.) make it an excellent blending agent for high-octane 
aircraft fuels These properties are illustrated in figures 9 and 10, 

In the production of 100-octane aircraft fuel, isopentane is generally 
blended with the main components, isooctane and straight-run gasoline, 
for the purpose of supplying the required front-end volatility. The 
amount of isopentane added is usually restricted to about 15 per cent, 
because of its relatively high vapor pressure. This is illustrated in table 
44, wherein 100-octane isooctane, 74-octane aviation straight-run gasoline 
of 7 lb. Reid vapor pressure, and isopentane are blended to produce 100- 
octane fuel with 3 cc. of tetraethyl lead per gallon. 


TABLE 44 


Composition of lOO-octane fuel containing S cc. of tetraethyl lead per gallon (6IS) 


IftOPSNTANS 

AVIATION QASOLINS 

ISOfiCTAMS 

B^ID VAPOB PBS8S17B1> 

per cent 

per cent 

per cent 

lb per equate tnck at 100*F. 

0 

38.0 

62 0 

4.0 

10 

37.2 

62.8 

6.8 

17 

36.7 

46 3 

7.0 

20 

36.4 

43 6 

7.7 

30 

35 7 

34 3 

9 6 

40 

34.9 

26.1 

11.4 

60 

34.1 

16 9 

13.3 


IV. MOTOR FUELS FROM CRACKED GASES 
A, General 

Hydrocarbon gases, such as propane, propene, butanes, and butenes, 
derived from natural gas and petroleum, present a potential yearly output 
of 9 billion gallons of motor fuel ranging from 76 to 100 octane number (24). 

The methods used for converting these gases into high-octane motor 
fuels are thermal and catalytic polymerization (24). The thermal method 
produces aromatic and olefinic types of motor fuels at high temperatures 
and high and low pressures, whereas the catalytic method operates at 
comparatively low temperatures and pressures and produces an olefinic 
type gasoline. If desired, the catal 3 rtic method can be controlled so that 
when the butenes are polymerized and hydrogenated an isooctane gasoline 
of 90 to 100 octane number results. 

The octane ratings of a number of pure olefin hydrocarbons are shown 
in table 45. 

Thermal and catalytic polymerization methods are now in commercial 
use, — namely, the “unitary^^ and ^‘multiple-coil^^ thermal methods and 
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the UOP catalytic method. The daily production of polymer gasoline, in- 
cluding those units under construction (August 1, 1937), is over 1,300,000 
gallons of gasoline ranging in octane number from 76 to 100. 

B. Thermal polymerization 

The unitary thermal process (24, 49) converts hydrocarbon gases at 
high temperatures and pressures into liquids ranging in properties from 
gasoline to gas oil. In this process, which is owned by the Polymerization 
Process Corporation, gaseous olefins and paraflSns are treated at tempera- 
tures between 800°F. and 1100°F. and pressures ranging from 800 to 1200 
lb. per square inch. The gasoline derived from this process has an octane 
rating of 76 to 79, depending upon the charging stock and operating con- 
ditions of the plant. The use of feed stocks high in unsaturates (65 to 70 
per cent) results in a product in which aromatics and monoolefins appear 
to be predominant. The products obtained from feed stocks lower in 
unsaturates (30 to 38 per cent) are more paraffinic than aromatic or olefinic, 
and a considerable portion of the paraffins is isoparaffins. Production by 
this method is at the rate of 10,000 barrels of gasoline per day. 

A flow chart of the unitary process is shown in figure 11. 

The results obtained by processing a stabilizer reflux on a recycling basis 
are given in table 46. 

Inspection data on typical products from processing various representa- 
tive feed stocks by the unitary polymerization process are given in table 47. 

In the multiple-coil process (24, 18) the operation consists of first treat- 
ing cracking plant gas at temperatures of 900-1 000®F. and pressures of 
600-800 lb. per square inch. The liquids derived from this operation are 
withdrawn and the gaseous portion, which consists of the residue paraffins, 
is subjected to further cracking at 1300®F. for production of olefins. The 
olefinic gas from this operation is treated at temperatures of 1150-1300®F. 
and pressures of 60-75 lb., producing gasoline, fuel oil, and tar. In the 
high-temperature operation, a gasoline of 85 to 105 octane rating is ob- 
tained. At the lower temperatures the octane rating of the polymer 
gasoline is between 78 and 80. 

The process is owned by the Pure Oil and Alco Products Companies. 
Daily production amounts to 2800 barrels. A flow chart of the process is 
shown in figure 12. 

The results obtained from three types of hydrocarbon gases by the 
multiple-coil process are shown in tables 48 to 52 inclusive. 

C, Catalytic polymerization 

The UOP catalytic polymerization process (24, 22), which is owned by 
the Universal Oil Products Company, operates on olefin-containing gases. 



Octane ratings and physical properties of pure olefins 
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The sources of these gases may be either the cracking process or the cata- 
lytic dehydrogenation or cracking of propane and butanes to their cor- 
responding olefins. 


Ptrmp 


POLYMER GASOLINE 
( Pol>men»afion Process Corp Process) 
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Fig 11. Flow diagram of ‘^unitary” polymerization process 


TABLE 46 

Stabilizer reflux (recycling operation) (24, 4^) 


Pressure, lb per square inch 

800 

i 1200 

1200 

1200 

Temperature, °F 

1000 

1 1000 

1100 

1030 

Net yield, per cent by weight 

67 9 

69 0 

69 6 

64 5 

Saturates m feed (net), per cent by weight 

57 0 

54 0 

60 7 

59 9 

Unsaturates in feed (net), per cent by weight 

43 0 

46 0 

39 3 

40 1 

Net yield, per cent unsaturates m fresh feed 

158 

160 

177 

161 

Gallons liquid per 1000 cu ft . 





Net gaseous feed 

12.78 

13 10 

14 40 

13 6 

Gross feed, per cent by volume: 





Ethylene 

3.4 

1.9 

2 4 

2 0 

Ethane 

12.2 

6 8 

9 0 

6 6 

Propene 

29 6 

30 6 

21 3 

21 0 

Propane 

46 3 

49 8 

38 8 

39 6 

Butene 

4 3 

4 8 

11 0 

13 6 

Butane 

4 2 

6 2 

16.9 

17 3 

Net feed, per cent by weight: 





Propene 

43 0 

41 1 i 

23 1 

20.3 

Propane 

57 0 

64 0 1 

36 4 

37 1 

Butene 


4 9 

16 1 

19 8 

Butane 



24 3 

22 8 

Octane No , C.F.R. motor method: 





Blending value, 60 per cent in fuel A-3* * 

92 

90 

83 

88 


* Octane No. « 43.6. 


The distinctive property of cracked gas is its content of unsaturated 
hydrocarbons. By regulation of the cracking process (time, temperature, 
and pressure) the percentages of the different hydrocarbons may be varied 
considerably. The quality of cracked gases is shown in table 53. 
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TABLE 47 

Pilot plant and commercial plant operation (£4f 40) 


PROPBBTXBS 

PRODUCT PROM PILOT 
PLANT OPBRATION WITH 
STABILIZBR RBFLUX 

PRODUCT FROM 
COMMBRCIAL 
PLANT ON 
BUTANB FBBD 

Raw 

productf 

Clay- 

treated 

Clay-treated 

Gravity, °A.P.I 

66 1 

66.6 ! 

61.4 

Distillation characteristics: 




Initial boiling point, °F 

100 

106 

96 

10 per cent 

123 

126 

120 

20 per cent 

134 

134 

133 

^ per cent 

164 

161 

180 

90 per cent 

296 

258 

361 

End point, "'F 

414 

314 

449 

Octane No., C.F.R. motor method: 




Straight 



79 

Blending value, 60 per cent in reference fuel 




A-3* 

92 

90 


Reid vapor pressure, lb per square inch at 100 °F. 

10 7 



Color 


30+ 

30+ 

Color after 8 hr. in sun 


30+ 


Copper-dish gum, mg 


10 4 


Induction period, min 



i 120 


* Octane No « 43.6. 

t Cut to 329°F. end point before clay-treating; treating loss, 1 per cent. 


POLYMCR OASOLINC 
(Pur« Oil - Alco Mutticoil System) 




Stabilizer 
overhead 
sets from 
refinery 




Primoiy 


fractionating 


X 

Polymtr 

distiltats 

uniT-,. 


= 






L_ 

— 



Chithng mfdtum 

fc 


: dtsorppon Oii-- 

i«... Primary poly---M-....Fyfolysl4 section 

section ♦ 

Key F. Furnace, R. Reaction coH, J.Chillmj Jet; T, Tor sepo rotor, C. Condenser; A. AccumwUtwr 


Secondojy po(y-— 
section * 


Fig. 12. Flow diagram of ^ ^multiple-coil’^ polymerization process 


In this process the gases are heated to about 450®F., under 200 lb, 
pressure, in a pipe-coil heater from which they flow to catalyst chambers 
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containing solid phosphoric acid. The reaction is exothermic, a tempera- 
ture rise of about 150°F. taking place in the catalyst bed. The polymer 
gasoline vapors pass through a cooling coil and thence to a receiver. The 
gasoline is pumped to a stabilizer in order to produce a product of the 

TABLE 48 


Typical analysis of Gyro vapor phase residue and stabilizer overhead gases {24, t8) 


coManroBNT 

RSRXBT7B OAR 

STABILIZXB 

OYSRHBAD 

Methane and hydrogen 

mole per cent 

32.6 

mole per cent 

0.5 

Ethylene 

23 9 

9 2 

Ethane 

13.4 

8.3 

Propene . 

16 8 

40 3 

Propane 

4 9 

10 4 

Butene 

6.1 

28 4 

Butane and heavier 

24 

2.9 


TABIvE 49 


Typical operation with residue gas {24, 18) 


Charging stock: 


Specific gravity 

1.06 

Unsaturates, per cent 

47.2 

Yields of products; 


Treated gas : 


Cu. ft. per cubic foot of charge 

0.80 

Specific gravity 

0.87 

Unsaturates, per cent 

18.4 

Liquid : 


Gal. per 1000 cu. ft, of charge 

4.4 

End-point gasoline: 


Gal. per 1000 cu. ft. of charge 

3.7 

Gravity, ®A.P.I 

62.4 

Total liquid, per cent 

84 

Distillation characteristics: 


Initial boiling point, ‘T. . . 

96 

10 per cent ... 

134 

50 per cent .... 

1 220 

80 per cent 

320 

End point, ®F . . 

420 


desired vapor pressure. The polymer product as produced has an octane 
rating of 80 to 83. 

The residue gas from the stabilizer is made up substantially of propane 
and butanes. These paraffin hydrocarbons may be dehydrogenated 
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TABLE 60 


Typical operation mth stabilizer overhead gas (Mi, 18) 


Once«through operating conditions: 


Temperature of coil outlet, °F . 

1176 

Pressure of coil outlet, lb. per square inch gage 

66 

Conversion, per cent 

80 

Charging stock: 


Specific gravity 

1.362 

Unsaturates, per cent ... 

70.6 

Yields of products: 


Treated gas: 


Cu. ft. per cubic foot of gas charged 

0.46 

Specific gravity 

0.86 

Unsaturates, per cent . 

34 6 

Liquid : 


Gal. per 1000 cu. ft. 

98 

End-point gasoline: 


Per cent boiling up to 360®F 

68 

Gravity, °A.P.I 

26 4 

Octane No., C.F.R. motor method 

86 

Distillation characteristics: 


Initial boiling point, ®F 

120 

10 per cent 

172 

30 per cent 

190 

50 per cent 

204 

90 per cent 

267 

End point, ®F . . 

362 


TABLE 61 

Typical operation with absorber gas (84} IS) 


Once-through operating conditions: 


Temperature of coil outlet, °F 

1276 

Pressure of coil outlet, lb. per square inch gage 

60 

Conversion, per cent 

37.4 

Charging stock: 


Specific gravity 

0 79 

Unsaturates, per cent 

39.4 

Yields of products: 


Treated gas: 


Cu. ft. per cubic foot of gas charged ... 

0.86 

Specific gravity . 

0.72 

Unsaturates, per cent 

0.29 

Liquid: 


Gal. per 1000 cu. ft . . 

1.76 

Gravity, ®A.P.I .... 

21.6 

End-point gasoline: 


Per cent boiling up to 360®F ... 

76 

Octane No., C.F.R. motor method ... 

102 
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TABLE 62 

Typical operation with liquid feed (using higher molecular weight 
constituents only) (B4t 

Commercial plant handling 4,060,000 cu. ft. per day; average operation, 
September 1 to 20, 1934 


Charging stock (including recycle) : 


Specific gravity 

1.61 

Unsaturates, per cent 

49 4 

Conversion of unsaturates, per cent 

86 7 

Recycle ratio 

1 76 

Yields of products: 


Fuel oil: 


Gal. per 1000 cu. ft. of fresh charge 

3.0 

Gravity, “A.P.I. . 

8.0 

Treated gas: 


Specific gravity . . , 

1.01 

Unsaturates, per cent 

22.0 

End-point gasoline: 

1 

1 

Gal. per 1000 cu. ft. of fresh charge 

1 8 8 

Gravity, ®A.P.l 

56.0 

Octane No., C.F.R. motor method 

76.0 

Distillation characteristics: 


Initial boiling point, ®F 

I 90 

10 per cent 

106 

30 per cent 

1 146 

59 per cent 

182 

90 per cent 

323 

End point, ®F 

398 

TABLE 63 


Typical analyses of cracked gases 



PUR CUNT BY YOLUMR 


DISTRICT 


Eth&ne 

Propane 

Butanes 

1 

1 

p-i 

Ethylene 

Propene 

Butenes 

1 

ta 

Carbon diox 
ide, etc. 

Mid-Continent (23): 






I 





Receiver gas 

22 2 

17 31 

26 8 

5.6 

0.2 

6 0 

11 2 

4 0 

4 3 

2 4 

Stabilizer reflux 

0.1 

3.2 

16.8 

40.6 

1.2 

0 6 

16.6 

20 2 

0 1 

0.7 

Stabilizer gas 

3 4 

17 8 

22 2 

2 0 

0 2 

16 0 

29.0 

4.9 

0.6; 

3.9 

Lean gas . . 


20 2 

18.0 

7.1 


4.7 

7.6 

4.2 

36 4 

2 9 

*^BB'* fraction . . 




61.9 




44.0 

2.6 

1.6 

Michigan (6): 











Stabilizer refiux 

0 

3.2 

18 6 

23.4 


0.3 

11.9 

42.7 

0 

0 

Stabilizer gas ... 

0 

3.4 

26.6 

17 9 

0 3 

1.9 

16.4 

33 6 

0 

0 

Lean absorber gas 

20.4 

26.4 

16.3 

5.3 

1.2 

6.2 

13.6 

6.1 

4.1 

1.4 

Receiver gas 

16.2 

22.8 

16.8 

6.7 

6.4 

6.0 

13.4 

9.2 

3.4 

1.1 

Total gas 

14.6 

18.0 

16.7 

9.6 

0.7 

6.1 

20.7 

6.0 

3.8 

6.9 




Fig. 13. Flow diagram of ‘*UOP Catalytic” polymerization proce^ 
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catalytically to olefins, or cracked to olefinic gases, and then pumped to 
the catalytic polymerization unit and processed exactly the same as the 
original gases 

A flow diagram of the UOP catalytic polymerization process is shown in 
figure 13. 

Experimental data, using stabilizer gas from typical vapor-phase and 
liquid-vapor-phase cracking as charging stock, are shown in table 54. 
With this particular gas, the yield of polymer gasoline having a Reid 
vapor pressure of 10 lb. per square inch was 6,5 gallons per 1000 cu. ft. 
By catalytic dehydrogenation of the gas leaving the polymerization plant. 


TABLE 64 

Operation of catalytic polymerization process (£4} 


CHARQINO STOCK AND YIELD OF GASOLINE 

VAPOR-PHASE 
CBAOKBD QAS 

LIQUID-VAPOR- 

PRASB 

CRACKED GAS 

Charging stock: 

mole per cent 

mole per cent 

Methane . ... 

26 5 

8 6 

Ethane-ethylene 

29.6 

13 0 

Propene 

18.6 

14.0 

Propane 

8 2 

34.4 

Butenes 

9 4 

10 2 

Butanes ... 

2.4 

18 2 

Pentenes 

Yields of gasoline,* gallons per 1000 cu. ft.: 

4 0 

1 6 

Catalytic polymerization only 

Catalytic dehydrogenation and polymerization of poly- 

6 6 

4 6 

mer unit residue gas 

Polymerization and dehydrogenation operation: 

2 2 

10 7 

Base on total gas charged 

8.7 

16 3 

Based on Cj-C 4 fraction . . 

19.7 

19 6 


* Reid vapor pressure « 10 lb. per square inch. 


followed by catalytic polymerization, an additional yield of 2.2 gallons per 
1000 cu. ft. was obtained, making a total yield of 8.7 gallons of polymer 
gasoline. This is equivalent to 19.7 gallons per 1000 cu. ft. based on the 
C 8 ~C 4 (propane-propene and butanes-butenes) fraction. 

The catalytic pol 5 rmerization process may also be carried out to poly- 
merize selectively the normal butene and isobutene present in the gases to 
isooctenes which, on hydrogenation, yield isooctane gasoline of 90 to 100 
octane number. It is estimated that there are over a billion gallons of this 
isooctane fuel potentially available yearly from the hydrocarbon gases in 
the United States. This is assuming that the butanes in natural and 
refinery gases are catalytically dehydrogenated to butenes, then poly- 
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iiKM’ized to isooctenes, and finally hydn)g(‘iuitt‘d to isooctanos Produrtion 
by the UOl^ (‘atalylu* j)olymerization process, when all units ar(‘ in opiTa- 



Fkj 14 (Vitalvtic gas polymerization unit of tlic rniveinal Oil l^iodurtn (’(nn- 
paiiv, liandliii^ million rubu' feet of gas per da} 


tion, is at th(‘ rate of 16,500 liarn^ls per day, ol winch 6000 barrels are 
isooctane gasolnu* 

Laboratory data, O'^tane ratings, and octane bhaiding values of gasolin(\s 
produced commercially by th(‘ thn'c polymeiization pro(‘(‘ss(‘s described 
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above, namely, unitary, multiple coil, and catal 3 rtic, — are given in table 
55. Similar data for commercial benzene are included. These results are 
shown graphically in figure 15. It will be noted that a straight-run 
gasoline of 43.6 octane number (reference fuel A-3) was used for the com- 
parative blending tests. 

The blending characteristics of UOP catalytic pol 3 rmer gasoline are 
illustrated more completely in figure 16, in which “regular^ ^ low-sulfur 
polymer gasoline (see table 55 for inspection data) is blended with straight- 
run and cracked gasolines from various crudes. It will be noted that the 
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Fig. 15. Comparison of octane blending values of products produced by three 
polymerization methods. 


blending value is lower in cracked than in straight-run gasolines. The 
reason is obvious. 


D. Isodctanes 

In the production of isooctane gasoline by the selective catalytic poly- 
merization method, it may be found more economical to produce isodctanes 
of 90 to 95 octane number than those approaching 100 octane. This is 
due, in part, to the much higher yields obtained for the lower octane 
products and to the good lead susceptibility of the various isooctanes. 
For example, from a given quantity of gas containing both normal butene 
and isobutene, it is possible to produce considerably more 90-95 isooctane 
than 99-100 isooctane. The lead susceptibilities are such that the 90 and 
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Fig. 17. 90-octane isoOctane blended with 70-octane straight-run gasoline, with 
and without addition of tetraethyl lead. 


95 iso5ctanes can be increased to 100 octane (determined by the motor 
method) by the addition of 1.0 and 0.4 cc. of tetraethyl lead per U. S. 
gallon, respectively. 
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This difference in antiknock rating is due entirely to the varying pro- 
portions of different isomers which are present in the various isodctane 
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Fig. 18. 95-octane isooctane blended with 70-octane straight-run gasoline, with 
and without addition of tetraethyl lead. 
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Fig 19. 100-octane isodctane blended with 70-octane straight-run gasoline, with 
and without addition of tetraethyl lead. 


products. For example, the isodctane used as a standard in knock testing 
consists exclusively of one isomer, 2,2,4-trimethylpentane, and by defini- 
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tion rates 100 o(itanc number. The 90 and 95 isooctanes have lower octane 
ratings because they consist of mixtures of different isooctanes (isomers), 
some of which have a lower octane rating than 2 , 2 , 4-trimethylpentane. 

During the past few years isooctane has become the principal blending 
agent in the manufacture of high-octane aircraft fuels. This is due to its 
ability to ^^stand up^^ best under the most divergent engine operating 
conditions, its high heat value, and its high stability without the use of 
inhibitors. 

An interesting set of data is illustrated in figures 17, 18, and 19, in 
which commercial isooctanes of 90, 95, and 100 octane rating are shown 
blended with 65-, 70-, and 74-octane straight-run gasolines, with and with- 
out the addition of tetraethyl lead. 

E. Alcohols j ether Sf and ketones from cracked gases 

1. General 

With the demand for motor fuels of higher octane number increasing, a 
number of liquids have been developed for motor fuels. These alcohol, 
ether, and ketone fuels are produced from hydrocarbon gases, and their 
octane ratings are of the order of 100 and higher. Generally speaking, 
the alcohols, ethers, and ketones are lower in fuel efficiency, owing to the 
lowered heat content of the oxygenated fuel, and while the octane rating is 
high the general efficiency is considerably lower than that of hydrocarbon 
fuels on a weight basis. 

2. Alcohols 

Ethyl alcohol is prepared from cracked gases by synthesis, although 
fermentation of agricultural products is the main source. 

In commercial practice tertiary alcohols are generally manufactured by 
absorbing cracked petroleum gases which contain isobutene and other 
isoolefins. Sulfuric acid of 76 per cent concentration is used as the ab- 
sorbing agent. Dilution with water hydrolyzes the mixture and the final 
step is steam distillation. 

Further discussion of alcohols as motor fuel is given in section VII. 

3. Ethers and ketones 

Contrary to the behavior of ethyl ether, which is a violent knock inducer, 
some ethers, notably isopropyl ether, have high antiknock value and in 
general good susceptibility to tetraethyl lead. 

Isopropyl ether is produced by chemical treatment of propene, which is 
present in refinery cracking plant gases or which may be produced by 
dehydrogenating or cracking the propane contained in both natural and 
refinery gases. It is estimated that there is now sufficient propene avail- 
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able in the United States, exclusive of all normal demands for other 
purposes, to produce approximately 340 million gallons of technical 

TABLE 66 


Octane blending value and tetraethyl lead susceptibility of isopropyl ether 


ISOPBOPTL BTHSB 

OGTANB NO. 

C.F.R. motor method: 


Straight 

98.0 

Blended 60 per cent with 70-octane straight-run gasoline* 

86 6 

-f 1 cc. TEL per gallon 

93 0 

4- 2 cc. TEL per gallon . . 

96 0 

-f 3 cc. TEL per gallon 

98.0 

-f 4 cc. TEL per gallon 

99 0 

Army method: 


Straight . 

98.0 

Blended 60 per cent with 70-octane straight-run gasoline* 

87.6 

-i- 1 cc. TEL per gallon . 

94.0 

4- 2 cc. TEL per gallon 

97.0 

4- 3 cc. TEL per gallon 

98 6 

4” 4 cc. TEL per gallon 

100.0 


* California straight-run gasoline. 



ISOPROPYL ETHER.C P 

Fig. 20. Isopropyl ether blended with 70-octane straight-run gasoline, with and 
without addition of tetraethyl lead. 

isopropyl ether per year. This quantity of isopropyl ether, when blended 
40 per cent with gasoline and ‘'leaded^' with 3 cc. of tetraethyl lead per 
gallon, will equal 860 million gallons yearly of 100-octane gasoline (13, 42). 
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The volume of antiknock ethers could be greatly increased if mixed ethers, 
such as methyl isopropyl or methyl isobutyl ether, are produced. In 
addition, if all the propane available in the United States were dehydro- 
genated to propene and converted to isopropyl ether, the potential volume 
of 100-octane gasoline would be increased still further. 

The use of isopropyl ether as a blending agent in the production of aircraft 
fuels of high octane number has been described in the literature (13, 42). 
Its value as a blending agent is illustrated in table 56 and figure 20, in 
which octane ratings are given for various blends of chemically pure 
isopropyl ether with a 70-octane straight-run gasoline, with and without the 
addition of tetraethyl lead (46). In figure 20 the straight-run base gasoline 


TABLE 67 


Octane ratings of blends of isopropyl ether and isooctane in straight-run gasoline (IS) 


PBR CfiI*irT IN BLSNO 


OCTANB NO BY ARMY MBTHOD 

BLENDING 
VALUE OF 

straight- 

run 

Isopropyl 

ether 

Isooctane 

1 

Clear 

With 3 cc of TEL per U S gallon 

ISOPROPYL 

ETHER 

100 

0 

0 

74 8 

93 0 ! 


70 

30 

0 

86 7 

98 4 

111 

70 

0 

30 

82 0 

97 0 

99 

70 

16 

15 

84 1 

97 6 

106 

60 

40 

0 

88 3 

Equals isooctane -|- 0.18 cc TEL 
per gallon 

109 

60 

0 

! 40 

84 4 

98 7 

99 

60 

20 

20 

86 7 

99 2 

Equals isooctane 

! 105 

50 

50 

0 

90 6 

"f 0 44 cc. TEL per gallon 

106 

60 

0 

60 

86 6 

0 06 cc. TEL per gallon 

98 

60 

25 

25 

1 

88,8 

i -f- 0 08 cc. TEL per gallon 

103 


was a blend of reference fuels C-9 and A-4, whereas the base gasoline in 
table 56 was a California straight-run product. 

Isopropyl ether might be used as a supplement to isooctane fuel, the 
ether supplying the necessary front-end volatility which isooctane lacks. 
Antiknock data ifor blends of the two products are given in table 57. 
Comparative data on physical properties are shown in table 58. 

The octane ratings and physical properties of a number of mixed ethers 
(42) are given in table 59. 

Ketones have also been found to have high antiknock value and good 
susceptibility to tetraethyl lead. The two discussed here are acetone and 
methyl ethyl ketone. 

Acetone may be prepared catal 3 rtically from ethanol or by special 
fermentation of corn or molasses. In the latter case, both acetone and 
n-butyl alcohol are formed. Acetone is also being produced commercially, 
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TABLE 58 

Physical 'properties of c.P. isopropyl ether and isodctane (2 ,4'^trimethylpentane) (IS) 


PBOPKRTIllS 

IBOPROPTIi 

XTHBIB 

XSOOCTANH 

Boiling point, °F . 1 

153-158 ; 

211 

Density at 68°F 

0 725 

0 691 

Refractive index at 68°F 

1.3680 

1.3921 

Freezing point, °F 

-125 

-162 

Viscosity, centipoise at 68°F 

0.322 i 

0.543 

Latent heat of vaporization, B t.u per pound 

Heat of combustion: 

123 i 

130 

High value, B t u. per pound 

16,900 

20,580 

Low value, B.t u. per pound 

Low value of heat of combustion, plus latent heat of vaporiza- 

15,600 

19,200 

tion, B t u. per gallon 

95,100 

111,400 

Reid vapor pressure, lb. per square inch at 100®F 

5 3 

2.2 


TABLE 59 


Physical properties^ octane blending values, and tetraethyl lead susceptibilities of various 
branched-chain and mixed ethers (42) 


BTHBR 

BOILING POINT 

OBAVTTT AT 

eo“F. 

OCTANU (C.F.R. 
MOTOR MBTHOD) 
BLBNOENa 
VALUBB,* 25 PBB 
CBNT BLBND IN 

74-octanb avia- 
tion OABOLXNB 

“C. 

j 

“F. 

Spe- 

cific 

“A.P.I. 

N on- 
leaded 

With 1 
00. of 
tetra- 
ethyl 
lead per 
gallon 

Diisopropyl (‘‘isopropyl") 

68 4 

155.1 

0.722 

64 5 

101 

106 

Methyl isopropyl 

31 5 

88.7 

0.736t 

61.0 

73 

90 

Methyl ieri-butyl 

55 3 

131 5 

0.735 

61 0 

111 

106 

Methyl ier^-amyl 

86 0 

186 8 

0 764t 

56 2 

108 

108 

Ethyl isopropyl 

54 0 

129 2 

0 720 

65 0 

75 

87 

Ethyl sec-butyl 

81 3 

178.3 

0.738 

60 2 

63 

73 

Ethyl ieri-butyl 

72 3 

162 1 

0 736 

60 7 

115 

114 

Ethyl tert-&my\ 

101 5 

214.7 

0.759t 

64 9 

112 

106 

Isopropyl fer^-butyl 

87 6 

189.7 

0 736 

60.7 

112 

118 

n-Propyl ^eH-butyl 

98 0 

208.4 

0.747 

57 9 

103 

106 

Di-sec-butyl 

114 0 

237.2 

0 756t 

56 7 

95 i 


A^ec-butyl /cr^butyl 

114.0 

237.2 



106 

106 

Teri-butyl n-butyl ... 

123 0 

253.4 

0.758 

66.2 

81 

92 

Teri-butyl n-amyl . . . 

143.0 

289.4 

0.770 

62 3 

63 

80 


* Calculated blending value, 
t Other reference sources. 
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starting with the propene present in cracked gases. Methyl ethyl ketone 
is manufactured by catalytic dehydrogenation of butanol-2, which may 
be obtained from the butenes contained in cracked gases (77). 

Octane ratings and physical properties of these ketones are given in 
table 60. 


TABLE 60 

Octane ratings and physical properties of several ketones 


PROPERTIES AND OCTANE BATINQH 

ACETONE 

MSTHTL 

ETHYL 

KETONE 

Boiling point: 




66 1 

79 6 

°F 

133.0 

175 3 

Gravity at 60°F. : 



Specific 

0.795 

0 808 

°A.PI 

46.6 

43.6 

Refractive index at 68°F 

1 359 ' 

1 379 

Freezing point: 



°C 

-94 3 

-86 4 

°F 

-137 7 

-123.5 

Latent heat of vaporization, B t u per pound 

237.4 

190 7 

Heat of combustion: 



Low value, B t u per pound 

12,179 

13,464 

High value, B.t.u. per pound 

13,163 

14,519 

Low value of heat of combustion plus latent heat of vaporiza- 



tion, B t.u. per gallon 

82,196 

91,889 

Octane No. : 



C . F . R motor method : 



Straight 

100.0 

98 6 

Blended 50 per cent with 70-octane straight-run gasoline:* 

84 5 

86.5 

-h 1 cc TEL per gallon 

92.6 

93.0 

+ 2 cc. TEL per gallon 

95.6 

96.0 

3 cc. TEL per gallon 

97.6 

i 96.0 

-h 4 cc. TEL per gallon 

98.6 

96 6 

Army method: 


[ 

Straight 

100.0 

1 99 0 

Blended 50 per cent with 70-octane straight-run gasoline:* 

86 6 

86.5 

-h 1 cc TEL per gallon 

94 6 

93.6 

-h 2 cc. TEL per gallon 

98 0 

96.6 

4- 3 cc. TEL per gallon 

100.0 

98.0 

-h 4 cc TEL per gallon 

100.0+ 

99.0 


* California straight-run gasoline 


V. MOTOR FUEL FROM COAL 

A. General 

Coal as a source of motor fuel is available in any quantity desired. It is 
estimated that the earth contains over 7,400 billion tons of coal, which can 



FtJELB FOR INTERNAL-COMBUSTION ENGINES 


241 


be converted into 1,850 billion tons of gasoline by hydrogenation. The 
coal can be converted into motor fuel by carbonization and hydrogenation. 
The carbonization process produces hydrocarbon gases, benzene, toluene, 
and xylenes, which are used as motor fuel. Coal is also being converted 
into liquid fuel by the hydrogenation process. Water gas produced from 
coal is being converted catalytically into gasoline. Coal or coke briquets 
are converted into gaseous fuels directly connected with automotive trucks 
and busses. 


B, Benzene and other aromatics 

For many years aromatic hydrocarbons, particularly benzene, have 
been added to motor fuels to improve their antiknock qualities. The 
volume of benzene used for this purpose in the United States during 1936 
was 106,554,000 gallons or 0.5 per cent of the total gasoline produced 
(73). 

Benzene is used also as a blending agent for aircraft fuel. However, 
owing to its relatively high freezing point (42°F.), usually less than 20 
per cent may be used. Toluene, the xylenes, and ethylbenzene have lower 
freezing points than benzene and consequently offer greater possibilities 
as suitable blending agents for aircraft fuels. Toluene appears to offer 
the best possibilities, but has been discounted because of its high cost and 
its potential use as war material. It may be prepared in large quantities 
from coal, petroleum oils, and refinery and natural gases* (62). 

Benzene, toluene, and xylenes are produced primarily from the high- 
temperature carbonization of coal and the cracking of gas oil to produce 
illuminating gas. The products derived from these processes are gases, 
liquids, and solids. The gas either is scrubbed with oil, such as creosote or 
gas oil, or is contacted with activated carbon to recover the benzene, 
toluene, and xylenes present, while the tar is distilled for its light-oil 
content. The impurities present in the light oil, such as free sulfur, 
hydrogen sulfide, carbon disulfide, thiophene, phenols, and nitrogen bases, 
are removed before the oil is used as motor fuel. The ‘'crude benzoF^ 
fraction is treated with caustic soda and sulfuric acid and then distilled to 
the desired product. 

It must be recognized that benzene, toluene, and xylenes are not used as 
motor fuel in the pure state, but as mixtures with olefins, paraflSns, and 
naphthenes. Lichte (54) reports a ^‘benzole^' product as having a boiling 
range of 78°-165°C. (172®“329®F.) and containing 71.8 per cent of aromatic 
hydrocarbons, 15.5 per cent of unsaturates, 6.6 per cent of naphthenes, 
and 6.6 per cent of paraffins. 

An American specification for ^^benzor’ motor fuel is as follows: initial 
boiling point, 76®-82^C. (169®“-180®F.); less than 60 per cent distilled 



TABLE 61 

Octa'M rahngs and physical properties of various pure aromatic hydrocarbons 
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at 100°C. (212®F.); less than 90 per cent distilled at 120°C. (248®F.); 
end point, 170®C. (338°F,). 

The octane ratings and properties of pure benzene, toluene, xylene 
(ortho, meta, para), and ethylbenzene are given in table 61. Figure 21 
shows these hydrocarbons blended with a 70-octane straight-run gasoline. 


n 



P" 




K 





-C! 









P 

y. 

f 






1 




1 

1 

i 


w 

Y/ 


























— 





wA 





1 





w 






1 


w\ 


1 — 






j1 



j 





M 









CCTE.L PER GAL 
TOLUENE. C P 


A 

■r— 





I 

I 

i 

1 


s 

$ 

1 

1 







'/jM 






fim 












fin 






f 






1 1 






0 1 

2 

3 4 



CC TCL PER US CAL 
BENZENE .CP 


0 12 3 

CCTLL PER US GAL 
XYLENE (MIXED) C P 




mtsuMSfSBSSk 


60 X 

50 ». 

40% 

20% 

10% 

0% 


0 I 2 3 < 

CCTEL PER US GAL 
ETHYL BENZENE, CP 


Fia. 21 Benzene, toluene, xylene, and ethylbenzene blended with 70-octane 
Btraight-run gasoline and tetraethyl lead 


TABLE 62 

Octane raiinge of several aromatic hydrocarbons (46) 


UTDROCABBONS 


OGTAKB NO. BT C.F.R. MOTOB MXTHOD 
BLXNBKD WITH 70-OCTANB 8TBAIGHT-BUN 
GABOLZNB* FLUB TEL PBB GAIXON 



Straight 

0 oc. 

1 oc. 

3 on. 

0 -Xylene 

100+ 

79 

82 

84 

m-Xylene 

100+ 

83 

89 

92 

p-Xylene . 

100+ 

83 

89 

92 

Isopropylbenzene 


87 


98 

n-Butylbenzene 


82 


91 

<eri-Butylbenzene 


88 


97 

flec-Butylbenzene 


78 


90 


* Blend of reference fuels C-9 and A-4. 


with and without the addition of tetraethyl lead. The blending value of 
benzene as compared with UOP catalytic polymer gasoline, when blended 
in various proportions with a 44-octane straight-run gasoline, has already 
been illustrated in figure 16. 

Antiknock data for a number of other aromatic hydrocarbons are given 
in table 62. 
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C. Hydrogenation 

The hydrogenation of coal, oil, and carbon monoxide to produce motor 
fuel is in commercial operation in, or is projected for, Germany, England, 
France, Italy, Japan, and Australia. In the United States two hydrogena- 
tion units are in operation using oil, primarily to produce oil products 
other than gasoline. It is estimated that a total of about 2,775,000 tons of 
oil will be produced yearly when all the operating hydrogenation units and 


TABLE 63 

Hydrogenation units in various ^arte of the world (66) 


COUNTBY AND PLANT 

RAW MATBBIALA USBD 

THOUSAND TONS OIL 

PBR TSAB 

Germany : 



Luena . 

Brown coal 

360-400 

Bohlen-Magdeburg 

Brown coal tar 

300 

Scholven 

Bituminous coal 

160 

Plants not specified 

Carbon monoxide (water 
gas from coke) 

760 

Great Britain: 



Billingham 

Bituminous coal 

112 

Italy: 



Bari 

Heavy oils 

120-160 

Livorno, Leghorn 

Raw materials not given 

120-160 

Florence 

Raw materials not given 

120 

France : 

Soci6t6 des Produits Chimiques 



Courierres 

Carbon monoxide 

26 

Japan: 



South Manchurian Railway 

Coal 

20 

Chosen Coal Industry Co 

Coal 

60 

Several plants 

Carbon monoxide (water 
gas from coke) 

80 

United States: 


4000-6000 barrels per 
day capacity 

Baton Rouge, Louisiana 

Petroleum oils 

600 

Bayway, New Jersey. 

Petroleum oils 

600 


those under design and construction are completed (65). A list of hydro- 
genation units is given in table 63. 

1. Coal 

In the hydrogenation of coal (38), the yield of motor fuel is about 60 
per cent by weight, with octane ratings ranging from 71 to 73; additional 
properties of the fuel are given in table 64. 

In the hydrogenation of coal to motor fuel the first beneficial stage is to 



246 GUSTAV EGLOFF, W. H. HUBNER, AND P. M. VAN ARSDELL 


clean the coal of mineral matter, which is accomplished as shown in figure 
22, by floating the raw coal upon a suspension of sand and water (38, 40). 

It has been found that injection of hydrogen chloride or hydrogen 
chloride-forming compounds during the hydrogenation of coal improves 
the reaction itself and the operating results by neutralizing the residual 
coal ash. Although hydrogen chloride is highly corrosive, this factor is 
overcome by pumping in an alkaline paste. 

The hydrogen used in the commercial unit at Billingham, England, is 
produced from coke and steam and hydrocarbon gases produced from the 


TABLE 64 

Properties of hydrogenated motor fuel from coal {S8) 


Gravity at 60”F. : ] 


Specific 

0.740-4). 746 

“A.P.l 

59 6-58 6 

Distillation characteristics: 

“C. *F. 

Initial boiling point 

35 95 

20 per cent 

70 158 

40 per cent 

100 212 

76 per cent 

140 284 

90 per cent 

168 316 

End point 

170 338 

Residue, per cent 

1 0 

Loss, per cent 

1 0 

Reid vapor pressure, lb. per square inch at 100°F 

9 

Octane No., C.F'.R. motor method 

I 71-73 

Color, ®Saybolt 

! +26 

Odor 

Marketable 

Sulfur, per cent 

0 06 

Doctor test 

Negative 

Corrosion 

Non-corrosive 

Gum, Pyrex dish without air jet, mg per 100 cc 

1 2 0 


hydrogenation process. A flow chart of this stage of operation is shown in 
figure 23. 

In the flow diagrams shown in figures 24 and 25, the process of hydro- 
genation may be applied to coal and oil mixtures, low- and high-tempera- 
ture coal-tar mixtures, or to heavy oils from low- and high-temperatiu*e 
carbonization of coal, for the production of motor fuel. When coal is 
used, it is first mixed with heavy oils to form a paste which is pumped into 
the apparatus. Oil is produced when coal is in contact with hydrogen gas, 
at a pressure of about 250 atm. and a temperature of 450®C. (842®F.), in the 
presence of organic tin catalysts. The hydrogenation process takes place 
in three stages. The first stage hydrogenates the coal paste, producing 
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an oil, which is fractionated into motor fuel and middle and heavy oils. 
The heavy oil is hydrogenated in the liquid phase to motor fuel, while the 
middle oil is hydrogenated in the vapor phase to gasoline. The motor fuel 
produced is th(‘n refined to a finished product of 71 to 73 octane number. 
In this process, four tons of coal are required to produce one ton of gasoline. 

The Billingham coal oil hydrogenation plant (38) to produce 150,000 
tons or 1 ,070,000 barrels of gasoline a year cost 5,500,000 pounds or about 
$27,000,000 It is stated that this is substantially more than would be 
required for an entirely new plant of similar output (38). Nearly 4000 
tons of coal per day, as shown below, are required to operate this plant: 

Tons of coal 
per year 

Coal consumption for the manufacture of 100,000 tons per year of 
gasoline from coal and 50,000 tons a year of gasoline from creosote 
oil and low-temperature tar (including coal actually hydrogen- 
ated together with all that is used for hydrogen manufacture and 
power production) 600,000 

For purposes other than the manufacture of gasoline 750,000 

Total 1,350,000 

The ratio of four tons of coal to one ton of gasoline produced can be 
maintained in a new plant (even if coal is used without creosote or low- 
temperature tar), owing to the improved methods of hydrogen manu- 
facture which would be employed (38). 

When petroleum oils are hydrogenated, the principles involved are 
similar to those of the coal-oil mixture operation The two oil hydrogena- 
tion units in operation in the United States are not used primarily to 
produce motor fuel, but to produce special oils such as solvents and 
lubricants. 

An interesting comparison of the results obtained by cracking and by 
hydrogenation are shown in tables 65 and 66. 

2. Carbon monoxide from coal or coke 

The Fischer Tropsch process for converting water gas into hydrocarbon 
oil, called Kogasin (named from kohle + gas + benzine) ^ Ls in commercial 
use in Germany and France. 

This process utilizes a mixture of hydrogen and carbon monoxide with 
cobalt, iron, or nickel as catalysts (without alkali) at a temperature of 
200%;. (392®F.) and atmospheric pressure (30). In the presence of strong 
alkali the polymerization continues until solid paraffins rather than liquids 
are produced (32). The theoretical yield of liquid hydrocarbons (31) is 
185 g. per cubic meter of gas containing 29.5 per cent carbon monoxide 
and 60 per cent hydrogen. A conversion of this water-gas mixture into 



TABLE 65 

Comparison of gasolines obtained by cracking and hydrogenation {40) 
Hydrogenation results given are typical of low- temperature operations 



NAPHTHA BOTTOMS 

MID-COMTINBNT GAS OIL 

Feed stock: 





Gravity, “API 

30.8 

33.4 

Aniline point, °F . 

110 

156 

60 per cent distillation point, °F 

447 

540 

Hydrogen content, per cent 

12 0 

13.8 


CBAOKINQ 

] 

HYDBO- 

QBNATXON 

CBAOKINQ 

HTDBO- 

GBNATION 

Products: 





Gasoline yield, per cent , 

41 0 

109 6 

67 0 

108.6 

Tar yield, per cent 

49 6 

None 

29 5 

None 

Gasoline octane No.* 

78 5 

64.0 

69.6 

64.0 


‘ Series 30 engine; research method. 


TABLE 66 


Comparison of gasolines obtained by cracking and hydrogenation (40) 



WEST TEXAS CYCLE GAB OIL 

Feed stock: 






Gravity, °A P I 

Distillation characteristics: 



30 3 



Initial boiling point, °F 



400 



Per cent at 460®F 



66.0 



End point, °P 



612 



Sulfur, per cent 



0.192 



Aniline point, °F 



102 




CBACKING 

1 HYDBOOXNATlON 

1 ^ 

Products : 






Gasoline yield, per cent 

40 2 

94 6 

89 6 

94 8 

92 0 

Gravity, °A.P I 

Distillation characteristics: 

61.0 

39 8 

38 6 

47 8 

68 4 

Initial boiling point, “F 

104 

no 

98 

98 

96 

Per cent at 212°F 

25 0 

13 6 

16 0 

25 0 

33.5 

Per cent at 284 °F 

46.0 

25 0 

28 5 

42 0 

72 0 

Per cent at 356°F 



45.0 

67.0 


Per cent at 374®F 


76 0 

60 6 

63 0 

76.0 

Per cent at 400®F 


88 0 

70.6 

71.0 


End point, °F 

436 

436 

436 

’ 403 

330 

Octane No.* 

79 0 

82 2 

85 0 

82 76 


Gas formation, per cent 

13 0 

19.0 

20.4 

18 8 

19.6 

Sulfur, per cent . . 


0.006 

0.005 

0.006 

0.022 

For formation, per cent 

21 9 

0.0 

0 0 

0.0 

0.0 

Cycle gas oil, per cent . . ... 

24.9 

0.0 

0.0 

0.0 

0.0 


* Series 30 engine; research method. 
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81.6 per cent of hydrocarbons may be obtained from a two-stage operation 
at 184®-190°C. (363°"374®F.) using a cobalt-copper-thorium-kieselguhr 
catalyst. Water gas, containing 42 per cent carbon monoxide and 48 
per cent hydrogen, gave a yield of 160 cc. of oil per cubic meter of water 
gas, using a nickel-raangaiiese-aluminum oxide catalyst (1). On the basis 
of 40 lb. of coke required to produce 1000 cu. ft. of water gas (4), this is 
equivalent to 56 U. S. gallons of liquid hydrocarbons per short ton of coke. 

Kogasin is principally a mixture of straight-chain or slightly branched- 
chain saturated and unsaturated hydrocarbons (51) containing: gasoline, 
30°-220°C. (86^~428°F.); Diesel oU, 220°-350‘’C. (428‘^-662®F.) ; and wax. 
The gasoline fraction is water-white and sulfur-free. Fatty acids are 
present in small quantities (52) and olefins to over 50 per cent (72). 

The nature of the hydrocarbons in Kogasin depends upon the catalyst 
and water-gas mixture used, cobalt producing more unsaturated oils than 
nickel (29). The olefin content of Kogasin from various sources is as 
follows: 



OLSFINS IN KOGASIN GASOUNX 

SOURCn OF OABXS 

PER CENT BY VOLUME 


Niokel catalyst 

Cobalt catalyst 

Water gas (CO. Ha ■« 1:1) 

35 

66 

Mixed gas (CO: Ha =*1:2) 

16 

36 

Cracked gas (CO: Ha ■* 1:3) 

5 

12 


The water gas used for catalytic conversion to hydrocarbons is derived 
commercially from the reaction of steam upon coke or gases such as 
methane. A relatively high degree of purity of water gas is required, owing 
to the poisoning effect upon the catalyst of hydrogen sulfide and organic 
sulfur compounds. A water gas derived from coke and steam, having the 
composition of 6 per cent carbon dioxide, 40 per cent carbon monoxide, 50 
per cent hydrogen, and 4 per cent nitrogen, methane, and oxygen, was 
reported by Martin as a commercial gas for catalytic conversion to hydro- 
carbons (57). 

The flow chart of the process is shown in figure 26, where the water gas 
from coke and steam passes to a gas holder and then to purifiers to remove 
hydrogen sulfide, carbon disulfide, mercaptans, etc. The purified water 
gas passes on to the catalytic reaction chamber where conversion to 
gaseous, liquid, and solid hydrocarbons takes place at a temperature of 
about 190°C. (374°F.) and atmospheric pressure. The reaction is exo- 
thermic and heat must be abstracted. The heat of reaction is 600 cal. 
per cubic meter of water gas. The control of the temperature may be 
carried out according to Studien and Verwertungs (69) by circulating water. 
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steam, or oil under pressure through a nest of tubes surrounded by the 
catalyst bed. The hydrocarbon products leaving the catalytic chamber 
pass into a tower counterflow to a stream of cooling water. The liquefied 
hydrocarbons and water are separated in a tank. The hydrocarbon gases 
from the water cooling system are absorbed in activated carbon, steam 
distilled, and the gasoline recovered. The propane and butane produced 
are condensed to liquids. The Kogasin oil is then passed to a pipe still 



Fig. 26. Flow diagram of catalytic water-gas reaction 
TABLE 67 


Primary products of catalytic water-gas reaction (67) 


PBODUCTB 

TISLD 

OLHriNS 

PBBtllINT 

Propane, propene, butane, and butene ... .... 

p«r cent 

8 

per eerU 

60-55 

Gasoline distilling to 392®F .... 

60 

30-35 

Gas oil . . 

22 

6-6 

Parafl&n wax, melting point, 68°-212®F . 

10 



and fractionating unit, where it is separated into gasoline, kerosene, 
Diesel oil, and parafldn oil. The gasoline recovered from the activated 
carbon passes to a distillation unit to be separated into a light and heavy 
fraction. 

The Kogasin oil or fractions thereof may be pumped to a cracking unit 
where it is converted to motor fuel of high octane rating and blended with 
the gasoline produced from the distillation of the primary oil 

The process of converting water gas catal)rtically into hydrocarbons at 
atmospheric pressure yields primary products (67) such as given in table 67. 
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TABLE 68 

Properties of gasolines produced by the catalytic water-gas reaction (67) 


Light primary products: 


BOXlilNQ POINT OF 
FBACnONB 

OCTANl NO 

GBAVITT AT C0“F 

Specific 

•A.P.I. 

T 




262 

66 

0.670 

79.7 

270 

64 

0.670 j 

79 7 

284 

62 

0.673 i 

78 7 

297 

68 

0 676 i 

78.1 


Gasoline produced: 


BOILING BANOS OF | 

1 

BOILING BANGS OF 

1 

OCTANB NO 

j GBAVITT AT 0O*F. 

BAW IfATSBIALS 

OA80LINB PBODUCED 

Specific 

"A.P.I 

-F. 

297 662 

"F. 

Up to 383 

66-70 

0 730 

62 3 

132 662 

Up to 383 

65-70 

0 725 

63.7 


TABLE 69 


Yields and quality of light gasoline fractions from Kogasxn oil 


Yields, volume per cent of 






Kogasin oil : 






Gasoline ... 

20 0 j 

33 8 

43 6 

66.3 

68 4 

Bottoms . . 

79.8 

66 0 

66.0 

43 5 , 

31.4 

Recovery . 

99 8 

99.8 

99 7 

99.8 1 

99.8 

Lobs ... 

0 2 

0.2 

0.3 

0 2 1 

0 2 

Properties of light gasolines: 
Gravity at 60°F. : j 




1 

1 


*’A.P.I . 

84 1 

79 3 

76.8 

72.4 

69.6 

Specific 

0 6663 

0 6713 

0 6826 

0 6940 

0.7036 

Octane No., C.F.R. motor 






method 

73 

"F. "C 

66 

•F. "C. 

68 

•F. "C. 

49 

"F. "C. 

40 

•F. "C. 

Distillation characteristics : 






Initial boiling point 

84 29 

104 40 

no 43 

97 36 

107 42 

10 per cent 

108 42 

124 51 

138 69 

140 60 

165 68 

20 per cent ... 

114 46 

134 57 

160 66 

160 71 

176 80 

60 per cent . 

129 64 

162 72 

190 88 

214 101 

247 119 

90 per cent 

172 78 

210 99 

262 122 

298 148 

369 182 

End point . 

1 209 98 

1 260 121 

299 148 

360 177 

396 202 

Per cent over 

96.6 

98.0 

98.0 

98 0 

98.0 

Per cent bottoms . . 

1.0 

1.6 

10 i 

1.6 

1 0 

Per cent loss 

2.5 

0 6 

10 j 

0 6 

1.0 
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The gasolines of varying boiling ranges have the properties (57) shown 
in table 68. 


TABLE 70 


Properties of Kogasin oil 


Gravity at 60®F.: 


"A.P.I 

63.0 

Specific ... 

0.7275 

Sulfur, per cent 

0 01 

Octane No , C F R. motor method 

20 


*C. 

100-cc. Engler distillation: 


Initial boiling point 

113 46 

5 per cent 

148 64 

10 per cent 

170 77 

20 per cent 

205 96 

30 per cent 

245 118 

40 per cent 

286 141 

60 per cent 

323 162 

60 per cent 

368 187 

70 per cent 

420 216 

80 per cent 

487 263 

90 per cent . . . 

657 347 

End point 

702 372 

Per cent over 

97.6 

Per cent bottoms 

1.0 

Per cent loss 

1 6 


TABLE 71 

Properties of gas oil from Kogasin 


PBOPBRTZKS 

OAS OIL 

D1B8XL OIL 
llIXTUBB 

Color . , . 


Brown 

specific gravity, d*®® 

0 835-0.91 

0 866 

Cold test, ®C 

0® 


Viscosity (Engler) 

2 6 

1.28 

Flash point 

66® 

68° 

Boiling point 

Lowest 60 per cent at 300®C. 

320® (End) 

Alkali-soluble 

4 per cent 

2 per cent 

Water-soluble 

0 6 per cent 

0 

Cetane No. 

Over 100 

66 


The data relating to gasolines (28) from Kogasin oil and their properties 
are shown in table 69. 

A distillate analysis of the Kogasin as produced is shown in table 70. 
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Diesel oils are also produced from the hydrogenation of carbon mon- 
oxide by the Fischer-Tropsch process. It is reported (73) that a gas oil 
derived from Kogasin oil has a cetane number of over 100. The data 
concerning this gas oil and a mixture with a low cetane number are shown 
in table 71. 

The motor fuel derivable from Kogasin by means of distilling a light 
fraction therefrom, reforming the naphtha cut, cracking the residue 
(bottoms), and catalytically polymerizing the olefins present in the cracked 
gases and blending the four fractions, will yield 84.3 per cent of a 66- 
octane product. The results (28) are shown in table 72. 


TABLE 72 

Products produced from Kogasin oil {B8) 


T1B3LD or PBOOnCTS FBOM KOGASIN OIL 

PIDB CBNT BY 
VOLTIMB 

Light gafioline . . 

29.1 

Reformed gasoline from naphtha 

26 8 

Cracked gasoline from bottoms 

22 6 

Polymer gasoline 

5 8 

Total gasoline 

84 3 


Octane No. of blends of all gasolines . 66 


3. Gas from coal carbonization 

Hydrocarbon gas produced by the carbonization of coal in coke ovens 
is used not only for household and industrial heating, but also as motor 
fuel in trucks and busses in Germany. 

There are now over forty filling stations (68) in Germany where city 
gas (methane-ethane) is available in high-pressure holders, at pressures 
up to 6000 lb., for recharging containers on trucks and busses just as 
gasoline tanks are filled at ordinary gasoline stations. Special types of 
containers have been developed for this use. Weights and dimensions of 
two sizes to withstand approximately 3000 lb. pressure most generally used 
are as follows: 


OAPAcrrr 

BXAIIBTBB 

LUNGTH 

WBIGBT 

gallon* 

tncKo* 


U>. 

14,0 

9 

6 ft. 0 26 in. 

138 

20.9 

13 

6 ft. 8 in. 

300 


A schematic drawing of a typical truck installation is shown in figure 27. 
In this case, the cost of converting a medium-sized truck to operate on city 
gas is stated to be from $40 to $60. 



FUELS FOE INTERNAL-COMBUSTION ENOlNB^ 


267 


4. Gasified coal and coke directly in motor vehicle 

There are two types of gas-driven motors used in Germany at the 
present time (39). The simplest type is that using the compressed city 
gas (methane-ethane) in high-pressure holders. The second type is that 
which carries its own gas generator as an integral part of the motor vehicle. 
The use of this gas generator is less expensive than the liquid fuels pro- 
duced in the country and its continued use is expected, since wood, brown 
coal, coal, and coke are native fuels. 

Coal or coke is used for producing fuel gases for motors the principle 
of which is Diesel operation. With a few alterations the Diesel engine 
may be converted into a high-compression gas-burning machine which is 
suitable because of heavy construction. Gas conduits and carburetors on 
the modern installations, as well as improved mixing equipment, have 



Fig. 27. Schematic drawing of typical truck installation for burning methane-ethane 

gas mixture 


raised the power economy. Some of the problems necessary to work out 
in connection with these motors have been the removal of dust from the 
gas generator and an adequate gas-cooling system which removes as much 
water as possible from the gas before it passes to the combustion chamber. 
These problems have been met by the use of centrifuges and filters. A 
flow diagram of the mechanism is shown in figure 28. 

The fuels used in the gas generator have presented difficulties in opera- 
tion, owing to the types of fuels themselves which are available for use. 
Peat and brown coal must be coked, owing to their high water content. 
These fuels have been used in France, England, and Belgium. Peat coke 
was found to be an especially suitable fuel, owing to its hardness, high 
energy content and low ash, with very little sulfur present. It is nearly 
like charcoal in its characteristics and may be used in charcoal generators. 
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The limitations found in using coal for gaseous motor fuel are due to its 
low reactivity. As a comparison, the gasification temperatures of each 
of the solid fuels are given: 

Charcoal 900°-1000®C. 

Brown coal 1100°-1200®C. 

Coal ... Above 1400°C. 

The tendency in France, Belgium, and England has been to raise the 
temperature in the firebox as high as possible. In Germany, lower tem- 
peratures and gas velocities have been used and the resulting poorer gas 
quality is improved by adding steam. 

The particular field of gas-producing vehicles has been heavy trucking, 
but they are not limited to that field alone. Italy has required all omni- 
busses to be operated on generator or compressor gases by the end of 1936; 
this tjrpe of installation has also been used in small river boats on the 
Rhine. Possibilities of producer gas automobiles have also been studied. 

VI. MOTOR FUEL FROM OIL SHALE 

The oil shale resources of the world are enormous. The shales vary 
widely in their oil content from a few gallons per ton to over one hundred. 
Commercial plants to produce oil from shale are in operation in Scotland, 
France, Esthonia, and Manchuria. The oil shales are subjected to high- 
temperature treatment in retorts. The vapors evolved are condensed and 
refined to marketable products such as gasoline, kerosene, gas oil, heavy 
oils, and waxes. 

The heavy oils, which may or may not contain the kerosene and gas-oil 
fractions, have been cracked into gasoline. Typical oils derived from 
shales of France, Manchuria, Australia, Esthonia, Spain, South Africa, 
and Sweden were subjected to high temperatures and pressure in order to 
convert them into high-octane gasoline. The yield of gasoline ranged 
from 38 to 65 per cent, depending upon the quality of the charging stock 
and mode of operation. The yields, quality of products, and operating 
conditions are shown in table 73. 

VII. MOTOR FUEL FROM PLANTS AND WOOD 

A. Alcohol 

1. Fermentation process 

Alcohol, chiefly ethyl and methyl, is used in many countries for blending 
with gasoline as motor fuel. Ethyl alcohol is used in greater volume than 
methyl. Both may be prepared by synthesis. However, most of the 



TABLE 73 
Shale oils 
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ethyl alcohol is derived from the fermentation of agricultural products 
such as beet sugar, molasses, potatoes, and com. 

TABLE 74 


Alcohol consumed as motor fuel in foreign countries (£7, 71) for the year 19S4 


COUNTRY 

METRIC TONS 
CONSUMED 

Austria 

4,400 

Czechoslovakia 

42,477 

France 

293,600 

Germany 

180,000 

Hungary 

8,731 

Italy 

5,000 

Jugoslavia 

6,692 

Latvia 

6,457 

Poland 

5,941 

Spain 

12,000 

Sweden 

12,250 

Total 

577,448 

TABLE 75 


Octane blending value of ethyl alcohol (Bl, 61) 



OCTANE NO , C F.R. MOTOR METHOD 


FUEL 

Of blend 

Increase due 
to alcohol I 

Blending value 
of alcohol 

Gasoline No 1: 




Straight 

63 0 



5 per cent alcohol i 

67 5 1 

4 5 

152 

10 per cent alcohol 

72 0 

9 0 

163 

16 per cent alcohol | 

76 6 

13 6 

163 

Gasoline No. 2: 




Straight 

61 0 



6 per cent alcohol 

66.4 

5 4 

168 

10 per cent alcohol 

70 4 

9 4 

166 

16 per cent alcohol 

76 0 

14.0 

164 


In the United States during 1936 the production of ethyl alcohol 
amounted to about 100 million gallons, of which 10 per cent was produced 
from cracked gases. 

The volumes of alcohol consumed in eleven foreign countries (27, 71) for 
the year 1934 are shown in table 74. 

The advantages of ethyl and methyl alcohol when compared to most 
gasolines are high octane rating and blending value and high latent heat of 
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vaporization. The octane blending value of alcohol depends upon the per- 
centage of alcohol in the blend and upon the octane rating and chemical 
composition of the base fuel. Typical data (27, 61) are given in table 76. 

The high latent heat of vaporization of alcohol is particularly valuable 
in reducing manifold temperature. This permits a greater weight of 
charge to be taken into the cylinders, thereby increasing the power output 
of the engine. 


TABLE 76 

Physical properties of various alcohols 


PBOPBRTIBB 


Methyl 


Ethyl 


Boiling point: 

64 5 

78.6 


148 1 

173 3 

Gravity at 60 °F : 
Specific 

0 796 

0 792 

°A P.I 

46.4 

47 1 

Refractive index at 
68"F 

1 329 

1 361 

Freezing point: 

«F 

-144.0 

-179,1 

‘’C 

-97 8 

-117 3 

Latent heat of vapori- 
zation, B t u per 
pound 

611 7 

367 7 

Heat of combustion: 
Low value, B t u 
per pound 

8,362 

11,623 

High value, B t.u 
per pound 

9,642 

: 12,766 

Low value of heat of 
combustion plus 
latent heat of 
vaporization, 

B t u per gallon 

68,678 

78,260 


Butyl 

«ec- 

Butyl 

Isobutyl 

tert- 

Butyl 

n-Amyl 

tert- 

Amyl 

117.7 

99.6 

107.3 

82 8 

137.9 

101.8 

243 9 

211 1 

226 1 

181.0 

280.2 

216.2 

0 813 

0.811 

0 806 

0 792 

0 820 

0.812 

42 6 

43.0 

44.3 

47 1 

41.1 

42.7 

1 399 

1 397 

1 396 

1 387 

1 414 

1.406 

-129 6 

-128 2 

-162,4 

+77 9 

-109 3 

10.6 

-89 8^ 

-89 0 

-108 0 

+26 6 

-78.6 

-11.9 

264 3 

241 9 

248 6 

234.8 

216.3 

190.6 

14,269 

14,269 

14,269 

14,037 

14,969 

14,776 

16,666 

16,566 

16,566 

16,323 

16,267 

16,073 

98,323 

97,948 

97,268 

94,194 

103,716 

101,167 


Even with these advantages, ethyl and methyl alcohol show a marked 
decrease in efficiency as measured by fuel consumption. This is due to the 
relatively low heating value of these low molecular weight alcohols (27, 
55). Compared to gasoline as 100 per cent (21,140 B.t.u. per pound, gross 
heating value), the values of methyl and ethyl alcohol are 46 and 66 per 
cent, respectively. The heating values of the higher alcohols are some- 
what higher; tertiary butyl and tertiary amyl alcohols are about 73 and 
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76 per cent, respectively, with normal butyl and amyl alcohols at 74 and 

77 per cent, respectively. Thus the tertipry alcohols, or alcohols contain- 
ing at least four carbon atoms, have a heat value approximately 75 per 
cent that of gasoline (see table 76). 

In addition to the heating value advantage of the tertiary alcohols, they 
have greater susceptibility to tetraethyl lead than the lower alcohols (67), 
as indicated in tables 77 and 78. 

It will be noted that, although a number of alcohols effect an appreciable 
increase in octane number, their tetraethyl lead susceptibilities vary over a 
wide range. The tertiary butyl and tertiary amyl alcohols show a lead 
susceptibility equal to or better than that of the straight-run base fuel. 


TABLE 77 

Octane blending values and tetraethyl lead susceptibilities of various alcohols {67) 


1 

FUEL 

OCTAMS NO • 

OCTANK NO. INCIUBASB 
DUB TO 

1 

Nonleaded 

With 1 cc. 

of TEL 
per gallon 

Alcohol 

Tetraethyl 

leadf 

Straight-run base gasoline 

30 per cent alcohol in base gasoline: 

68 2 

77 7 


9 6 

Ethyl 

77 5 

82 1 

9 3 1 

4 6 

Butyl . 

69.9 

71 0 

1.7 

1.1 

«cc-Butyl 

76 0 

79 8 

7 8 1 

3 8 

Isobutyl 

76 2 

77.1 

7 0 

1 9 

<cri-Butyl 

77.6 

87 2 

9 3 

9 7 

n-Arayl 

66 0 

68 8 

2.2 

2 8 

tert-Amyl 

76 2 

1 86 6 

7.0 

11 4 


* Determined on series 30 engine at 900 r.p.m and 376®F. jacket temperature. 
This is substantially equivalent to the C.F R. motor method. 

t Tetraethyl lead susceptibility, i.e., increase in octane rating due to the addition 
of 1 cc. of TEL per gallon 

Road and laboratory tests conducted with a 10 per cent ethyl alcohol- 
gasoline blend have indicated a fuel consumption at least 4 per cent higher 
than with gasoline alone. The results of ‘^officiar^ road tests (27, 63) con- 
ducted by the American Automobile Association, the National Bureau of 
Standards, the National Automobile Chamber of Commerce, the American 
Petroleum Institute, and others are shown in table 79. 

C.F.R. dynamometer tests (27) with gasoline and a 10 per cent alcohol- 
gasoline blend of equal octane rating gave results as shown in table 80. 

Aside from this increased fuel consumption with alcohol-gasoline blends, 
the use of alcohol introduces certain operating difficulties such as starting, 
acceleration, and vapor lock (27, 12). The lower or water-soluble alcohols 
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are difficult to blend with gasoline unless they are substantially anhydrous 
or unless a binder such as benzene, toluene, or one of the higher alcohols 
(n-propyl, isopropyl, n-butyl, isobutyl, or ^er^-butyl) is used. 

Alcohol blends can also cause considerable corrosion and solvent troubles 
with certain materials commonly used m the construction of motor car 
and aircraft engines, such as aluminum alloys used in fuel tanks, carburetor 
float-bowl castings, etc. 

As to the future use of alcohol-gasoline blends as aircraft fuel, opinions 
differ. According to F. R. Banks (7): '‘Alcohol fuels have not justified 

TABLE 79 


Increase in fuel consumption over gasoline when using a 10 per cent alcohol-gasoline 

blend (27, 6S) 


MAKE or CAR 

PER CENT INCI 
CONR0I1PTION 
CENT ALCOH( 
BLl 

By weight 

USASE XN FUEL 
WITH A 10 PER 
^L-GASOUNE 

CND 

By volume 

1933 Chrysler “6” sedan 

4 87 

4.13 

1933 Oldsmobile ‘'6" sedan 

3 81 

3.07 

1932 Ford coupe 

10 20 

9.61 

1932 Rockne ‘‘8” convertible sedan 

3 75 

3 06 

Average 

6 66 

4.94 


TABLE 80 

Comparative C.F.R, dynamometer tests with 10 per cent alcohol- gasoline blend and 

gasoline alone (27) 


FUEL 

BRAKE 

HORSEPOWER 

POUNDS or 
FUEL PER 
BRAKE HORSE- 
POWER HOUR 

PER CENT 
INCREASE IN 
CONSUMPTION 

Gasoline . 

2 19 

0 76 


10 per cent alcohol-gasoline blend . j 

2 19 

0.78 

4.0 


themselves as constituents of aviation gasoline, even in those countries 
where the respective governments have fully supported their use by sub- 
sidy or monopoly. 

“It is a feature that they do not deteriorate in the ordinary sense of the 
word, but they can and do preignite violently when subjected to certain 
operating conditions of the engine. 

“The principal advantage of the alcohols, ethyl and methyl, is that they 
have a high latent heat of vaporization. Even when blended with gaso- 
line in amounts up to about 20 per cent, this feature is particularly valuable 
in reducing the “ boost or supercharge temperature; thus allowing a 
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greater charge weight to enter the eyliiiders of the engine, thereby im- 
proving its pow(T output. 

“Therefore, although it would be unsalV to dogmatize regarding the use 
of these alcohols as constituents of aviation fuel, they appear to be very 
(‘ritieal to operating conditions, and their employment is uneconomical 
“The higher alcohols, such as isopropyl, have b(‘en investigated, but do 
not at the moment appear to off(‘r any parti(*ular advantage.^’ 

A(‘eording to A 11 Ogston (64): “Certain of the higher alcohols, su(‘h as 
iso])ropyl, are likely to prove very valuable anti-detonants 

“I'he utility of alcohol as an anti-detonant arises from both its very high 
s])ontaneous ignition temperature and its (exceptionally high lat(ent heat of 
\ aporization ; the latter property would largely ov(ercome the diffi(‘ulti(\s 
which arise irom the high boost temperatiiies creatial by supercharg(‘rs 
and may ev(‘n obviate the nec(\ssity for intercoolers Certain alcohols 
ar(' also v(‘ry efficient de-icers of the induction system (in aircraft engines) 
“One of the most suitable methods of utilizing tlu' projicrties of alcohol 
will be by sup])lying it to the carbundor from a separate tank mstallcHi in 
tli(‘ aircTaft, rather than use of a rc'ady mixed blend fed from the main fuel 
tank The separate alcohol (*ould b(‘ (‘ontrolled by th(‘ pilot, and 
jirobably lU'cd be ust‘d only when tlu' engine' has to b(‘ op(‘rat('d in exc(\ss 
o( say 70 per cent maximum ]K)WTr or during icing conditions.” 

B Gasified ivood 

Wood, as far as history advis(‘s us, w^as th(‘ hrst source' of he'at and jiowe'r 
that man used The* early se'ttle'rs e)f North America over 300 years ago 
be'gan using wood from the 000 million ae*res of forc'st lanel for their energy 
sup})hes We)od is still an impeirtant source of e'liergy, as it repre'sents 
ove‘r 7 per cent of the total whie*h was use‘d m the United State's during 
the* year 1934 (25) The consumption of wooel for the preiductiein of 
energy is far greater in the re'st of the* world than in the* United State's It 
IS interesting to note that in some* countries which have relatively large* 
seiure'es of oil the steam lex'omeitive's are* still being fired with waioel In 
the case of Rumania this is due to the desire of the gove*rnment te) keej) tlie 
woe)d choppers e'm])loyed. ('ountri(\s whie-h have* no oil eleposits arc 
utilizing other fuel resource's to some e'xtent, such as coal, oil shale, anel 
wooei 

In Germany, Italy, and France wxiod or the* product of its e*arbonization 
IS converte*d into gas which is iisexl as fuel in motor busses and trucks. 
Italy has several hundred such motor v('hicles in eiperation Many motor 
busses or trucks propelled by the gasification of weiod cannot be distin- 
guished in outward appearance from cars using gasoline or Diesel engines 
Gasoline itself can be ])roduce'd from the tar obtained from the distillation 
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ol wood, th(‘ yK‘Id about 40 gallons por ton By (Tacking, 26 ])cr 

(•(‘lit of motor fuel, 21 per c(‘nt ol l)ies(4 oil, and th(' balance fuel gas and 
coke can be laoduced Illustiations of the application ol wood-burning 
motors (.30) aie shown m figures 20, .30, ana 31 



f'm 20 TIk* uood-gas g(*nerat<>i set up in a niotoi bus 



Fie 30 Gas punfieis of the nood buint'r witli baffle plates 


vm. compounds added to improve octane and ( ETANE numbers of 

FIDELS 

.1. Tetraethyl lead for gasohne 

An effective nitdhod for improving the antiknock quality ot motor fuels 
IS the use ol tetraethyl l(‘ad For Q-grade and premium-grade Ethyl 
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f^asolines, it is addt'd in thr form ol “Q” YAhyl fluid; for leaded aircraft 
liads, m the form of “IT” Ethyl fluid The (‘omposition of ea(;h vark's 
ironi time to time as researches jirove certain mixtures more desirable. 
At present (21), the re«p(‘ctive compositions are shown in table 81. 

The antiknock ingr(‘dient of Ethyl fluid is tiflraethyl k'ad It is impor- 
tant, therefore, that wlien reh'nmci' is mad(‘ to tlu' addition of Ethyl fluid 



Fk; 31 Wood-gas punfi(‘r on a Hiiin}>o]dt-13i('tz luotoi 


TABLE SI 

C(f)n posil ton t>f Ethyl fluid ('21) 


( OMPOSITION, PEK ( EN'I HI VOLUME 

1 ‘ ty iLuiD 

1 

“11 ILUIl) 

Tctraetlivl lead 

()3 30 

01 42 

Ethylene dibromidu 

' 25 75 

35 08 

Ethylene diehlonde 

i 8 78 


Kerosene 

1 10 

1 75 

Dve 

0 13 

0 25 

Impurities 

0 04 

0 00 

Total 

1(K) 00 

100 00 


to a gasolm(‘, the quantity of tetracdhyl lead only should b(‘ specifi(‘d, as 
for example, 1 cc TEL p(*r gallon 

TIj(‘ respons(‘ ol a fuel to th(» addition of tidraethyl l(‘ad \'aries according 
to the chemical composition of the fu(‘l and to the amount of impurities, 
such as free sullur or sulfur conqiounds, present m th(‘ fu(‘l The variation 
m tetraethyl lead res])ons(‘ for commc'ndal base gasohn(‘s is illustrated in 
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figun‘ 32. The ot cIk^iuicrI composition on lead msponsi' is shown 

in tal)l<‘s 82 and 83 


TABLK 82 

KJfcrf of ( heniuaJ n^nt post f urn on tetraetfn/l lead susce pUbibfij (4d) 


<>< lANE NO , C'.F R MOTOR METHOD 


( I' H/ l> LH Bl.FMiED 5() U TENT VS ITH TO-OCTANE 
HIR \T(}HI-RtIN C.AHOIINE* 


With TFJ. pel gallon 



of blend j 


— 



1 i 

1 ct 

1 2 ce 

; i ec 

iKouctjiih* (2 , 2 , ^-tr iinetli> l{K‘ritanc) 

! 84 ! 

92 

% 

98 

lHopr<)j>vl ('thoi 

H{\ 

94 

1 

100-1 

Is()p(‘ntano 

81 

90 

94 

90 

Boil /(‘Ilf 

82 ; 

88 

90 

92 

'I'olufiH' 

82 

88 

90 

92 

o-\ yl(‘n(' 

79 1 

82 


84 

ni~\ ^ l(‘iif 

' 8:i 

89 


92 

ylfiif 

1 8.4 

89 


92 

tlth vll)(*n/ftH‘ 

' 85 

90 

94 1 

95 

^(-Hutvlbcrizf nc 

82 i 



91 

lot /-Biitvlh(*n/.fii(* 

88 



97 

.sf'f-Butvll)fiizt‘nf 

78 



90 

Jsopi (>pvltH'n/(‘nt‘ 

87 



98 

M(‘sitN l(*nf 

85 ! 



90 

( ’vcl<>li(‘Xiiiif (not tilfridi'd) 

' 77 ; 

78 

79 

80 

llfxarif (not iibanlfd) 

1 62 ! 

74 

I 79 1 

81 

* Blond of rofor^'Hoo fuels C-IO and A-4 





TABLE 

84 





Tfb avthul lend fjdibdib/ of s<dr( nl-exti arled g<is(din('s {exf roots) (00) 


OCTVNE NO , G F R MOIOR MEIHOD 


HLV NDH or at 4 o( 

O'VNr MID-tONTINEN 1 STU\U.HT-KUN 

O \Hf)LlNE VV ITH 

Of blend 

With TEli pel galhni 

1 cc 1 2 ct 

25 por font of 

91-ootano extract i 

70 0 

77 0 

80 1 

50 ])or font of 

91-octane extract ! 

77 5 ! 

81 7 

8H 6 

50 i)or font of 

98-octane extract | 

79 0 

82 8 i 

84 7 

50 })(‘r (‘('lit of 

KKLoctane isooctane ' 

79 7 ! 

84 9 ' 

1 


Inttavstmp, data on lead susceptibility for a number of gasolines from 
diffenait .sources (41) are given m table 84 

A number of years ago it was discovered that th(‘ tetraethyl h'ad sus- 
(•(‘ptibility of (‘(‘rtain distillates was substantially reduced after treatment 
with a(*id or ])lumbite (41). This is illustrated in figure 33 for a West 
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Texas straight-run gasoline tested under the following conditions: A, 
untreated; B, Doctor-treated; C, acid-treated, plant scale; D, acid-treated, 
laboratory scale; E, sample D, redistilled; F, sample D, neutralized before 
removing sludge. 

It will be noted that, in all except the untreated sample (sample A), 
there was a lag in the action of the tetraethyl lead. This lag amounted 

TABLE 84 


Tetraethyl lead susceptibility of various gasolines (41) 


GABOLINB 

OCTANH5 NO. 

C F R. MOTOR 
MBTHOO 

TEL 

BTT8CEPTI- 

BILITY* 

Straight-run gasolines : 



Mid-Continent 

46.1 

1.28 

West Texas 

64.1 

0.77 

Hendricks 

69.8 

0.73 

Yates 

68 8 

0.77 

Texas Panhandle (3) 

60 7 

0 85 

Okmulgee (Okla ) (3) 

46.2 

0 97 

California 

69 6 

1.31 

Pennsylvania (3) . . 

60.0 

0.96 

Kansas (3) 

44 7 

0.77 

Cracked gasolines: 



Okmulgee (Okla.) (3) 

67.0 

1 33 

Mid-Continent and Texas, Doctor-treated 

70 6 

0.78 

Kansas (3) 

62 6 

1 00 

Texas Panhandle (3) 

68.6 

0 76 

Natural and aviation gasolines: 



Special-cut natural, 9 7-lb Reid vapor pressure (3) 

64 1 

2.00 

Stabilized natural 

69 3 

1 81 

Stabilized natural, 13.0-lb. Reid vapor pressure (3) 

67 2 

1 46 

Natural, 10.0-lb Reid vapor pressure (3) 

60 6 

1 38 

Black Bayou-White Castle aviation 

79 0 

1 69 

Smackover aviation . . 

70.0 

1 65 

Gulf Coast aviation (3) 

62 1 

1 66 

West Texas aviation 

71 0 

1 66 


* See literature reference (41) for method determining the tetraethyl lead suscepti- 
bility values given in this column; the higher the numerical value, the greater the 
lead response. 


to over 5 cc. per gallon in the case of the laboratory treated sample (D), 
showing “that apparently some compound had been formed in the gasoline 
which probably combined with the tetraethyl lead in the gasoline, render- 
ing it inactive. However, in all cases except F, the action of the tetraethyl 
lead was apparently normal after a certain concentration had been reached^^ 
(41). The increase in lead susceptibility after redistiUation is “not be- 
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Fig. 32. Tetraethyl lead susceptibility of base stocks used for commercial gasoline 



Fig. 33. Effect of treating and sweetening on tetraethyl lead susceptibility 

lieved to be due to an increase in volatility, but to the removal of disulfides 
and other sulfur compounds^^ (41). In this connection, a sample of an 
apparently similar West Texas straight-run gasoline was doped with 0.35 
per cent of dimethyl sulfate, with the following results (41): 



OCTANS NO , 


WBOT T«XA8 STBAiaBToRUN QABOUMS 

C.F.R. MOTOR 
MDTHOD 

SUSOXPTIBlLrTT 

Undoped ... . . 

60 0 

0.83 

-4-0.36 oer cent dimethvl sulfate ... 

69.2 

0.73 
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Although the gasoline doped with dimethyl sulfate did not show the 
above-mentioned lag in the action of the tetraethyl lead, both the octane 
rating and the lead susceptibility were reduced. 

Other investigators (10) have also found the presence of sulfur com- 
pounds to affect tetraethyl lead susceptibility adversely, as shown in 
table 85. 

Additional data on the effect of sulfur compounds on tetraethyl lead 
susceptibility are given in table 86. 

Tetraethyl lead susceptibility has a distinct bearing on the refiner’s 
problem of ^^reforming” versus “leading.” Both methods are used to 
raise a low-octane straight-run gasoline to a marketable product. In 

TABLE 86 


Efect of sulfur compounds on tetraethyl lead susceptibility (10) 


BAliFUD 

OOTANB NO 

Nonleaded 

., C.F.R. MOTOR MBTHOD 

With TEL por gallon 

1 CO. 

8 00. 

Venezuelan straight-run gasoline: 

64 4 

73.8 

82.3 

-f- 0.1 per cent sulfur as EtSH 

63 6 

68.7 

74.3 

4-0.1 per cent sulfur as Et 2 S 

64.6 

70.6 

76.6 

4-0.1 per cent sulfur as EtaSi 

64.0 

68.8 

73.4 

-f 0.1 per cent sulfur as EtjSi 

62.0 

66 6 

73 0 

Iranian gasoline: 

66.3 

66.3 

76.6 

4-0.1 per cent sulfur as EtSH 

66.0 

61.7 

68.2 

4-0.1 per cent sulfur as EtiS 

66.4 

62.8 

69.8 

*4 0.1 per cent sulfur as EtiSj 

66.4 

61.6 

68.2 

4-0.1 per cent sulfur as EtaSs . . 

62.6 

69 7 

66.3 

Heptane-octane : 

66.3 

68.3 

77.8 

4-0.1 per cent sulfur as EtaSa . . 

66.3 j 

61.4 

67.3 


certain cases it has been found more economical to use a combination of 
both methods. A recent report (36) on the subject summarizes the mag- 
nitude of the differential revenue derived for optimum reforming and 
leading versus no reforming, as follows (using gasoline at 6 cents per 
gallon and fuel oil at 60 cents per barrel) : 


OCTAira XLBVATXON 

OCTANB TBBT MBTBOD 

BBrOBMBB CBABGB 
BABRBliB PBB DAT 

INCBBASBD BBTBNOB 
PBB YBAB 

70 i 

Motor 

6,000 

$366,000 

73 

Motor 

6,000 

426,000 

73 

Research 

6,000 

470,000 

73 

L-3 1 

6,000 

516,000 
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B. Nitrites j nitrates j etc,, for Diesel fuels 

The demand for Diesel oils of high cetane number is increasing. Highly 
selected stocks of paraffinic characteristics are in demand. To increase 

TABLE 86 


Effect of sulfur compounds on tetraethyl lead susceptibility of reference fuels 


SAMPLE 

OCTANE NO., C F.] 

1 

Nonleaded 

^ MOTOB METHOD 

With2cc TEL 
per gallon 

Reference fuel A-3 

44 

68 

4- free sulfur 

41 

54 

-f ethyl sulfate 

43 

47 

+ ethyl sulfide 


66 

+ diethyl sulfide 

42 1 


-f ethyl mercaptan 

42 


4- butyl sulfide 

43 

56 

4- diphenyl sulfide 

44 

57 

4- isoamyl sulfide 


56 

H- diphenyl disulfide 

43 

63 

4“ isoamyl disulfide 

42 


-f isoamyl mercaptan 

43 

53 

-f thiophene 

44 

57 

4- thiophenol 


64 


mum nncn) 


5RrRUN-C72) 
CeftCKft)— 02) 



80 

1? 

' mS 

iLrf 

s 


49 


run. 

5UN8UWCJ9) 0ftfT(l9) 


Flo. 34. Effectiveness of ethyl nitrate for improving ignition quality of Diesel fuels 


the cetane number many compounds have been proposed to accomplish 
this purpose such as: (i) alkyl nitrates, e.g., ethyl, isopropyl, and butyl 
nitrates; (B) alkyl nitrites, e.g., ethyl, isopropyl, butyl, and amyl nitrites; 
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(5) nitro compounds, e.g., nitrobenzene, nitrotoluene, nitroxylol, nitro- 
glycerol, and nitropentane; (4) oxidizing agents, e,g., nitrogen dioxide, 
percarbonates; (5) peroxides, e.g., cyclodiacetone, cyclotriacetone, acetyl, 
tetralin, tetrahydronaphthalene, and benzoyl peroxide; (6) aliphatic 
hydrocarbons, e.g., allylene, diacetylene, and butadiene; (7) bromine 
compounds, e.g., benzyl, butyl, and butylene bromides and isobutylene 
dibroinide; (8) oxygenated copper compounds, e.g., copper oleate and 
copper stearate; (9) hydroxylamines, diketones, etc. Few data are to be 
found as to the relative values of these dopes. The effectiveness of ethyl 
nitrate (47, 37, 11), acetyl peroxide (11), and tetralin peroxide (60) is 
illustrated in figures 34 and 35. 



SUNBUCYCn) DILITOS) 



6AJ0IL 

OtLMftO) 


Fig. 35. Effectiveness of acetyl peroxide and tetralin peroxide for improving ignition 

quality of Diesel fuels 


IX. 100-OCTANE AIRCRAFT FUELS 

The general procedure for producing 100-octane aircraft fuels is to 
blend commercial isooctane with an aviation straight-run gasoline and 
add up to 3.0 cc. of tetraethyl lead per gallon. In many cases, 5 to 15 
per cent of isopentane is used to supply the front-end volatility which 
isooctane lacks. 

Toluene, benzene, ethylbenzene, isopropyl ether, mixed ethers, alcohols, 
ketones, and other high-octane blending agents may be used in the prepara- 
tion of 100-octane aircraft fuels, provided the finished product meets 
specifications. The advantages and disadvantages of these various fuels 
have been discussed to a limited extent in the respective sections of this 
paper. 

The high vapor pressure (20.4 lb. per square inch) of isopentane limits 
to less than 15 per cent the amount of isopentane that can be used and 
still meet the 7- and 7.5-lb. Reid vapor pressure specifications which are 
now in force in the United States. 
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Because of the high freezing point (approx. 42°F.) of benzene, usually 
not more than 10 per cent can be blended and still meet the conventional 
freezing-point specification of — 76®F. 

The relatively low heating value of isopropyl ether (19 per cent lower 
than isooctane on a weight basis) and its reaction to the acid-heat test 
tend to prevent its use to any great extent under existing specifications. 

TABLE 87 

Various combinations of high-octane blending agents and straight-run base gasolines to 
produce 100-octane fuely with and without addition of tetraethyl lead 


C F.R. MOTOR MXTHOD 
PBR CENT HIQH-OCTANEI FUEL FOR VARIOUS 
ADDITIONS OF TEL PER aAIJ.ON 



0 cc. 

1 oc 

2 cc. 

3 cc 

4 oc 

(1) Per cent blended with 74-octane straight- 



1 

1 


run gasoline* (46): 




1 


Isooctane (100 octane No.) 

100 

69 

58 

51 

43 

IsoGctane (95 octane No ) 

100+1 

1 84 

70 

60 

60 


0.4 cc.J 


1 



Isobctane (90 octane No ) 


100 

1 85 

72 

62 

(2) Per cent blended with 70-octane straight- 

1 





run gasoline* (46) : 






Isodctane (100 octane No.) 

100 

74 

63 

55 

48 

Isobctane (96 octane No.) 

100+) 

86 

72 

63 

55 


0 4 cc.J 





Isodctane (90 octane No.) 


100 

88 

81 

72 

Isopropyl ether (98 octane No.) . . 

100+1 

68 

1 

66 j 

42 

34 


0 1 cc.J 



1 


Isopentane (90 octane No.) 

100+1 

88 

74 

62 

52 


0 7 cc.J 





Benzene (100+ octane No.) 

86 

84 

82 

81 

76 

Toluene (100+ octane No.) 

87 

86 

83 

81 

77 

Xylene (mixed) (100+ octane No.) . . . . 

86 

84 

82 

80 

77 

Ethylbenzene (96 octane No.) 

100+1 

97 

88 

82 

76 


0 7 cc.J 






* Blend of straight-run reference fuels C-9 and A-4. 


It is apparent, therefore, that isooctane is destined to remain one of the 
principal blending agents in the manufacture of high-octane aircraft fuels. 
This is because of its high octane rating, good susceptibility to tetraethyl 
lead, high heating value, good stability without the use of inhibitors, and 
its ability to ‘‘stand up'^ best under the widest variety of engine operating 
conditions. 

The dollar value of high-octane fuel when used in the high-compression 
aircraft engine has been discussed quite completely in the literature (46, 
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7, 13, 50, 8, 19). The following statements presented by D. P. Barnard 
(8) illustrate the economic value of octane ratings: (1) Depending upon 
design and operating conditions, the revenue-earning power of 1 gallon of 
gasoline may be increased from 2 to 5 cents per octane number improve- 
ment. (2) If the octane number increase involves a decrease in energy 
content, the apparent improvement must be discounted by about two 
octane numbers for each per cent reduction in heat content below that of 
gasoline. (3) It is evident that the earning power of octane increase is 
so great that within practical limits its cost cannot influence the trend 
toward higher octane numbers to ai^y appreciable extent. 

In tables 87 and 88, data are given showuig various combinations of 


TABLE 88 

Various combinations of high-octane blending agents^ straight-run base gasolines, and 
tetraethyl lead to produce 100-octane fuel 



PXB OBNT EUGH-OCTANB PUBL FOB VABIOUS 
ADDITIONS or TEL PBB GALLON 


Motor method 

Army method 


2 CO. 

8 00. 

2 00. 

8 GO. 

1. Components (67): 

Per cent straight-run (74-octane No.). 
Per cent isodctane (100-octane No.) 

Per cent isopentane (90-octane No.). 

2. Components: 

Per cent straight-run (70-octane No.)*. 

26 24 

38 37 37 
62 63 46 

0 10 17 

32 31 

26 26 

36 34 

Per cent isodctane (96-octane No.) 

76 66 

68 69 

74 66 

66 66 

Per cent isopentane (90-octane No.) . 

0 10 

0 10 

0 10 

0 10 


* California straight-run gasoline. 


fuels and tetraethyl lead which rate 100 octane number by the C.F.R. 
motor method. In a number of cases octane ratings by the Army method 
are included. Most of the data have already been presented in the 
respective sections of this paper. 

X. SUMMARY 

Motor fuels of any desired octane rating are available from many 
sources in ample quantities for years to come. The fuel requirements for 
internal-combustion engine use can be met at any time and in any quantity. 

The sources of motor fuels are petroleum, natural gas, coal, oil shale, 
plants and wood. Compounds added to motor fuels play their part in 
obtaining greater eflSciencies. 
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Any general consideration of the economics of the antidetonation prop- 
erties of Otto-cycle engine fuels must include both automotive and air- 
craft fuels. While, as shown by table 1, in terms of absolute quantities 
consumed automotive fuels overshadow aviation fuels by a ratio of over 
200 to 1, the latter are of increasing significance to the fuel manufacturer 
and of great importance in their economic bearing on modern transporta- 
tion. In addition, development of high-octane blending agents for avia- 
tion fuels may profoundly influence automotive fuels. Owing to inherent 
differences in the requirements and the economic factors influencing the 
respective development of automotive and aircraft fuels, these two classes 
of fuels are necessarily discussed separately. 

I. AUTOMOTIVE FUELS 

The basis for the current octane ratings of automotive fuels is primarily 
with respect to performance, as indicated by the public^s demand for rapid 
acceleration, freedom from gear shifting, etc. The demand has been met 
by the car manufacturers by increases in compression ratios, increases in 
engine speeds, better carburetion, and many relatively minor improve- 
ments. Supercharging of automobile engines has not come into wide- 
spread use, but its general adoption lies probably in the near future. All 
of these design factors could be directed toward fuel economy and lower 
specific engine weight per horsepower, but neither is in demand at present. 

For these general reasons octane numbers of automotive fuels have been 
relatively stable over the past several years, as shown by table 2, but there 
is a trend upwards in the case of the premium-grade fuels. Regular-grade 
fuels have been artificially maintained at approximately 70 C.F.R.M. 
rating by the license provisions covering the use of tetraethyl lead in 
these fuels. If the contemplated change from the present C.F.R, motor 
test method results in raising the true or effective octane level, it may be 
expected that regular-grade fuels will immediately rise in octane number. 
In general, a gradual elevation in octane rating of automotive fuels may 
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be anticipated, with this gradual evolution susceptible to more sudden 
changes, not all of which can be forecast accurately. As will be discussed 
later, it is reasonable to suppose that, owing to the large potential supply 
of high-octane blending agents at present being developed for aviation 


TABLE 1 


Consumption of automotive fuels in the United States 


YU An 

PREMIUM GRADS 

RBQULAB GRADS 

THIRD GRADE AND 
MISCELLANEOUS 

TOTAL 


gallons 

gallons 

gallons 

gallons 

1936 

780,000,000 

12,555,000,000 

5,665,000,000 

19,000,000,000 

1935 

619,000,000 

11,399,000,000 

5,232,000,000 

17,260,000,000 


Consumption of aviation gasoline in the United States [H) 


YEAR 

CONSUMPTION BY 
COMMERCIAL 

AI RUNES 

CONSUMPTION BY 
GOVERNMENT 
SERVICES 

MISCELLANEOUS 

TOTAL 

CONSUMPTION 


gallons 

gallons 

gallons 

gallons 

1936 

47,508,565 


10,451,496 

81,024,315* 

1935 

33,260,609 

29,319,412 

11,104,259 

73,684,280 

1934 

25,136,274 

23,647,113 

9,630,869 

58,414,256 

1933 

26,326,796 

21,836.526 

8,861,104 

57,023,426 

1932 

23,686,948 

20,077,884 

10,293,599 

54,058,431 

1931 

19,157,382 


11,658,009 

30,815,391 

1930 

14,549,477 


13,981,331 

28,530,808 

1929 

6,285,374 


14,235,243 

20,520,617 

1928 

2,134,690 


7,764,702 

9,899,392 

1927 

1,174,098 


3,882,351 

5,056,449 

1926 

863,617 


2,246,028 



* Including estimated consumption by U. S. Government services. 


TABLE 2 


Average octane ratings of United States motor fuels (11) 


YEAR (JTAN. 1) 

OCTANE NUMBER (c Y R M.) 

Premium grade 

Regular grade 

Third grade 

1934 

75 


63 

1935 

75 

69 

62 


76 

69 

61 

1937 

77 

70 

64 


fuels, some of this material may spill over into the automotive fuel market, 
thus creating new automotive fuels which will induce the development of 
engines capable of realizing their potentialities. 

With the octane demand for automotive fuels relatively stable for the 
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moment in the 70 to 80 C.F.R.M. range, economic discussion will be 
directed toward the cheapest methods of producing these fuels. Present 
automotive fuels (excluding third-grade gasolines) are blends of straight- 
run, reformed, cracked, and natural gasolines, with an increasing use of the 
newer polymer gasolines for further octane appreciation. The use of tetra- 
ethyl lead to bring the finished blend to the final octane number is nearly 
universal. Yearly quantities of motor fuel stocks segregated as to method 
of manufacture are given in table 3, in which it will be noted that in 1936 
the volume of cracked gasoline exceeded that of straight-run for the first 
time. 

With the majority of crudes, gasolines from gas oil or combination re- 
duced crude cracking can be brought to octane levels where they present 
no difficult octane problems, at least in the manufacture of regular-grade 
gasoline. Eliminating for the moment the use of polymer gasoline, the 
problem then reduces to the optimum economic utilization of the straight- 

TABLE 3 


Quantities, in barrels, of motor fuel stocks manufactured (9) 
1 barrel *= 42 U S. gallons 


FUELS 

1935 j 

1936 

Cracked 

207,637,000 

239,620,000 

Straight-run 

219,280,000 

231,287,000 

Natural . . . 

39,333,000 

42,041,000 

Benzol 

1,871,000 

2,637,000 

Total 

468,021,000 

616,486,000 


run material boiling in the gasoline range to permit its inclusion in the 
final blend. The octane number of straight-run distillates may be raised 
by two principal methods: (1) naphtha reforming of all or a portion of 
the straight-run distillate, blending the reformed and virgin fractions, and 
leading to the required octane number, or (2) the use of tetraethyl lead 
alone. 

Any economic comparison of the two general methods must compare 
the use of tetraethyl lead alone with the optimum combination of reform- 
ing plus ethylization. The optimum combination of reforming and 
ethylization involves an economic balance to detennine the percentage of 
the virgin straight-run gasoline to be reformed and the octane number 
and corresponding yield to be attained by the reforming operation to give 
the greatest return for the original raw material. 

The assumptions used in these evaluations were as follows: (/) 70-oc- 
tane finished gasoline has a transfer value of 6 cents per gallon. (J8) Fuel 
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(liquid or gas) valuation is 80 cents per 6,000,000 B.t.u. (L. H. V.). (5) 

Evaporation and sweetening losses shall be held negligible. (4) The 
octane and leading characteristics of a gasoline, whether sweetened or un- 
sweetened, shall be considered identical. (5) Reforming cost shall be 
assumed as 0.2 cent per gallon, charged to the reformer. Fixed charges 
and royalty costs shall be omitted from consideration. (6) Sweetening 
cost shall be assumed as 0.05 cent per gallon of gasoline sweetened. (7) 
Virgin 100® to 400®F. base stock shall require no other treatment than 
sweetening before leading. (8) No limitation of allowable tetraethyl lead 
concentration in gasoline shall be considered as bearing upon the relative 
economics of ethylizing and reforming. (9) Tetraethyl lead cost shall be 
set at 0.26 cent per cubic centimeter, and costs of blending and mixing 
with ethyl fluid shall be neglected. (10) No differential evaluation due to 
varying vapor pressure or boiling range characteristic of finished gasoline 
shall be made, and yields of reformed gasoline shall be based on 100 per 
cent butane recovery. (This is a simplifying assumption and is usually 
of minor importance.) (11) The evaluation of base stocks shall not take 
into account lead credit or debit due to overall changes in lead consump- 
tion resulting from blending with extraneous refinery gasolines. Evalua- 
tions shall be based on the assumption that the lead requirements of a 
blend of gasoline can be estimated with suflScient accuracy from a weighted 
average of the lead requirements of the components raised to the same 
octane number, where such lead requirements are small. (12) Evalua- 
tions are to be distinguished from the ultimate values, which allow for 
corrections involving the factors of casinghead price, refinery butane 
balance, and lead susceptibility of the total gasoline produced in the 
refinery. 

The primary basis for comparative appraisal is a statement of the rela- 
tion between raw charging stock value, finished gasoline value, leading and 
sweetening costs when ethylizing the virgin straight-run to the required 
octane. This relation is given by equation 1 : 

D == G - S - L (1) 

where D = raw charging stock value (400® end point virgin gasoline) in 
cents per gallon, based on total ethylization, 

G = finished gasoline value in cents per gallon (70 C.F.R.M. or 
any other arbitrarily selected octane number on any fixed 
octane scale), 

S = sweetening cost, in cents per gallon sweetened, and 
L = leading cost of sweetened gasoline, in cents per gallon leaded. 

The above calculation involved in evaluating the charge, D, in terms 
of total ethylizing requires only ethylizing data and octane characteristics 
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of the 400°F. end point virgin naphtha and the basic transfer value of 
finished gasoline of the required octane (assumed in the illustrations cited 
as 6 cents per gallon). 

The evaluation of 400°F. end point virgin gasoline in terms of optimum 
reforming plus ethylizing is the next step in the analysis. Assuming a 
basis of 1 gallon of 100-400'^F. boiling range virgin charging stock, let: 
C = charging stock value, in cents per gallon (100~400®F. virgin 
gasoline), 

Cr = value of heavy naphtha to reformer, in cents per gallon, 

Cv = value of raw virgin light naphtha, in cents per gallon, 

G = gasoline value, in cents per gallon (70 C.F.R.M. sweetened 
gasoline or any other arbitrarily selected octane number on 
any fixed octane scale), 

F = fuel value, in cents per gallon, 

P = processing cost, in cents per gallon, charged to reforming, 

Lv = leading cost of light virgin gasoline (to arbitrarily selected overall 
octane number), in cents per gallon leaded, 

Lr = leading cost of reformed gasoline (to arbitrarily selected overall 
octane number), in cents per gallon leaded, 

S = sweetening cost, in cents per gallon sweetened, 

X = feed to reforming, per cent by volume of 100“400®F. charge, 
and 

Y = yield from reforming (100 per cent C 4 recovery), per cent by 
volume of charge to reforming. Then 




Cr 



. 4 ^ 

(2) 

and 
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The above relationship of equation 5 allows for no correction factor for 
treating losses, since it is designed primarily for use with reforming set-ups 
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including clay treating and stabilization Stock losses from treating and 
treating costs, as well, can be evaluated and included under the processing 
cost (P) to make the equation generally applicable. 

TABLE 4 


Comparison of values of 400° end point virgin naphtha, total ethylizing versus ethylizing 

and reforming 

Optimum values and operating conditions 




BOUBCE 



Pennsylvania 

Mid'Continent 

East Texas 

Light virgin naphtha: 

Volume per cent of 400° end point base 
naphtha 

39 6 

48 0 

77 0 

C.F R M. octane number 

63 6 

63 4 

63.3 

Heavy naphtha: 

Volume per cent of 400° end point base 
naphtha 

60 4 

52 0 

25 0 

C F R M octane number 

29 2 

32 2 

29 6 

Reformer yield, volume per cent of heavy j 
naphtha 

84 8 

85 7 

86.8 

C F R.M octane number of reformed 
gasoline . . .... 

65 0 

65 4 

63 6 

Total gasoline: 

Yield, volume per cent of 400° end point 
base naphtha 

90.8 

92 5 

97 0 

C.F R.M, octane number’^ unleaded 

64 5 

64 2 

63 3 

Cc of lead per gallon to 70.0 octane 
number! 

0 67 

0 65 

0.69 

Cc. of lead per gallon to 70.0 octane num- 
ber, straight leading without reforming 

6 2 

3 0 

1.6 

Value of 400° end point base naphtha: 

Value when leading only, in cents per 
gallon 

4 697 

6 170 

5.534 

Value when leading and reforming, m cents 
per gallon 

5 300 

5 386 

6.638 


* Weighted average of octane numbers of light virgin naphtha and reformed 
naphtha. 

t Weighted average of lead required for light virgin and reformed naphthas. 


Equation 5 indicates a method for computing the values of charging 
stock in terms of ultimate gasoline value for any overall octane require- 
ment and fuel evaluation for any combination of reforming and leading. 
It will be noted that certain basic data are necessary for the solution of 
these equations, including leading and octane characteristics of various 
percentages of light and heavy naphthas, and correlations covering the 
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reforming yields for the heavy naphthas considered when reformed to 
various octanes. A detailed presentation of all these data is beyond the 
scope of this paper, but the data on which the final results of figure 1 are 
based are summarized in table 4. 

Figure 1 shows the results of applying an economic balance to determine 
the optimum combination of reforming and ethylizing for three typical 
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Fig. 1. Comparison of values of 400® end point virgin naphtha for leading only and 
for optimum reforming plus leading. Conditions: gasoline * 6 cents per gallon; 
fuel - 80 cents per barrel; lead » 0 26 cent per cubic centimeter; reforming cost ■« 
0.2 cent per gallon charged. Value of 400® end point virgin naphtha, in cents per 
gallon, is plotted against C.F R.M. octane number of 400® end point virgin naphtha. 
Curve I, optimum ethylizing and reforming to 70 C F.R M. Curve II, ethylizing 
only to 70 C.F.R M. 

400®F. end point straight-run gasolines as a comparison with the use of 
tetraethyl lead alone. Examining figure 1, it will be noted that the dif- 
ferential between the use of lead alone and the optimum combination of 
reforming and leading decreases with increase in octane of the original 
400®F. end point base stock. It must be emphasized that the absolute 
values as shown in figure 1 are based on assumptions as noted, and that 





288 


P. C. KEITH, JR., J. S. CAREY, AND J. T. WARD 


any specific case must be subjected to a more extended analysis, taking 
into account all local conditions. 

The economics of the manufacture of premium-grade automotive fuel 
are not as susceptible to general analysis, owing to the fact that the quan- 
tity of premium-grade gasoline produced by most refiners is small compared 
with that of regular-grade gasoline, and therefore selected stocks of higher 
than overall average octane are utilized. Polymer gasolines are finding 
increasing use in premium-grade blends. Table 5 illustrates the blending 

TABLE 5 


Ethylizing charactenatica of refinery gasoline blended with thermal polymer gasoline 



OCTANU NUM- 
BER BY C F R.M 
METHOD 

TBTBABTHYL 
LBAD TO 70 

C F.B M 

TBTRABTHTL 
LEAD TO 78 

C F B.M. 



CC. 

CC. 

Base stock (refinery blend). 

67 0 

0.37 

3.66 

Polymer gasoline 

77 0 



Blend of 70 per cent base and 30 per cent 




polymer 

71.0 


1.16 


TABLE 6 

Thermal polymer gasoline as hlend'ing agent in preparation of premium automotive fuel 
Basis: 70 gallons of base stock 



TBTBABTHTL LBAD 
BBQUIBBD TO 78 

C F.B.M. 


CC. 

70 gallons of base at 3 66 cc. per gallon 

249 

70 gallons of base and 30 gallons of polymer gasoline « 100 gallons of 


blend at 1.15 cc. per gallon ... 

116 

Tetraethyl lead equivalent per gallon of polymer 

134 


Premium value of polymer gasoline over 78-octane fuel based on tetraethyl lead at 
0.26 cent per cubic centimeter « (134 -f- 30) cc. X 0.26 cent =* 4.46 cc. X 
0.26 cent «= 1.16 cents per gallon 


and leading characteristics of thermal polymer gasoline, when used as a 
blending agent in preparing premium-grade gasoline from a base stock of 
initially high octane number. From the data of table 5 the calculations 
of table 6 may be made, assuming that the total premium-grade fuel sold 
will be increased by the amount of polymer gasoline in the blend. 

II. AVIATION FUELS 

In comparison with the 70 to 80 C.F.R.M. octane range of automotive 
fuels, the present working range of fuel octane ratings used in commercial 
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air transport work is 80 to 90 C.F.R.M. Appreciable quantities of 100- 
octane fuel are being used for military and special purposes, and wide- 
spread commercial use of 90- to 100-octane fuels appears to lie in the im- 
mediate future. While no accurate data are available to indicate overall 
octane trends in aviation fuels, table 7 shows the proportions of the fuels 
of different octane ratings upon which the U. S. Army Air CJorps has re- 
quested bids over a period of seven years. In the year ending July 1, 1937 
the Army purchased 3,000,000 gallons of 100-octane fuel, and the 1937-38 
purchases will show a substantial increase in the proportion of 100-octane 
fuel. The octane trend in the fuel purchases of commercial airlines has 
shown a similar upward swing. As the major United States airlines are 
at present operating nearly identical equipment, it is not surprising that 
the fuels used should fall in a narrow range with respect to octane require- 
ments. 

TABLE 7 


Distribution of U, S. Army fuel purchases with respect to octane number (1) 


TEAR 

OCTANB NUMBER* 

AVEBAOB OCTANX 
NUMBER 

68-65 

87 

92 

100 


per cent 

per cent 

per cent 

per cent 


1930 

56 4 

43.6 



70.6 

1931 

31 6 

68 4 



77.7 

1932 

16 6 

83.4 



82 2 

1933 

6 5 

50 2 

43.3 


87.3 

1934 

5.3 


94 7 


90.2 

1935 

3 9 


91 7 

4 4 

91.3 

1936 

3 5 


77 5 

19.0 

92.6 


* Army method. 


The newest type engines in the United States land transport service are 
for the most part using 87 to 90 C.F.R.M. octane fuel for both takeoff 
and cruising for the best overall economy. The immediate predecessors 
of these engines, which are still in service and far from obsolete, have been 
found to give good operating results on 87-octane fuel for takeoff and 
80-octane fuel for cruising. Economic studies are being conducted by the 
various operators, balancing overall fuel and engine maintenance costs 
against the price differentials for the fuels of higher octane number. One 
large airline reports a definite economic justification for the use of 90- 
octane fuel throughout in its newest equipment as against 87-octane fuel. 
It may be concluded, therefore, that, compared with the relative stability 
of octane requirements for automotive fuels, aircraft fuels are in a state 
of change, with the choice of octane number determined by economics, 
based on the use of present equipment. The engine manufacturers are 
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now ready to offer engines which will be capable of taking full advantage 
of fuels up to 100-octane number or higher. The rapidity with which the 
new engines and fuels will be generally adopted is again entirely a question 
of economics. 

Briefly examining current specifications for aircraft fuels, it will be noted 
that requirements other than octane number dictate largely the source of 
supply of the current fuels, and, to a large extent, the chemical constitu- 
tion of these fuels. Table 8 summarizes typical specifications of large 
purchasers of aviation fuels in the United States. In general, these speci- 
fications tend to exclude, except in small blended concentrations, other 
than paraffinic types of gasoline. The present situation, owing to the 
maximum permissible tetraethyl lead concentrations, is that 87-octane 
grades can only be manufactured from carefully selected crudes. There- 
fore current demands dictate increasing use of the high-octane blending 
agents, if the octane trend is to continue upward. 

Economic discussion of aviation fuels must attempt to answer the fol- 
lowing questions: (f) What are the potential increased earning powers 
of fuels of higher octane number? {2) Will outlets other than 100+-octane 
aviation fuels absorb a portion of the high-octane blending agents? (3) 
What are the potential supplies of the high-octane blending agents? 

The first question has been the subject of much technical discussion 
over the past several years. It is beyond the province of this paper to 
present the technical details involved in the evaluation of octane numbers 
in terms of engine performance and fuel saving. The major conclusions 
of these studies will be summarized briefly, following which their economic 
significance will be dealt with. 

Klein (7), Buc and Aldrin (3), Du Bois and Cronstedt (4), Young (10), 
and others have presented the various relations between results obtainable 
with higher supercharge, higher compression ratios, and combinations of 
the two together with their relations to fuel consumption and the octane 
ratings of fuels. In general it may be stated that, for high maximum 
power output, high supercharge without very high compression ratio is 
desirable, whereas for maximum economy under cruising conditions high 
compression ratio is necessary 

Barnard (2) has shown that present land transport designs are standard- 
ized at a total gross loading of approximately 13 lb. per brake horsepower 
available for takeoff. Disposable load (fuel, oil, crew, payload) for cur- 
rent designs, regardless of ship size, is approximately 34.5 per cent of the 
gross load or 4.5 lb. per brake horsepower available for takeoff. Higher 
loadings are permissible for sea operations, owing to the greater space 
available for takeoff. For example, the Trans-Pacific flying boats are 
reported to be designed for a disposable load per brake horsepower maxi- 
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mum of 6.7. It follows, therefore, that any increase in brake horsepower 
maximum (without appreciable increase in engine weight) will permit 
taking off with higher loads. The other means toward economy is by ob- 
taining lower specific cruising fuel consumption. Barnard (2) has shown 
that a close balance exists between the economics obtainable by increasing 
boost (increasing takeoff horsepower) and decreasing specific fuel consump- 
tions by increased compression ratios. Either route requires higher oc- 
tane numbers. For commercial airline work a compromise is made be- 
tween the two in engine design. 

With a given engine design and fjiel, current practice is to operate on a 
rich mixture for takeoff to obtain maximum power without detonation. 
At the conclusion of the takeoff period the throttles are partially closed 
and the mixture leaned to obtain cruising power output The extent 
to which the mixture can be leaned down safely under cruising conditions, 
and hence the specific cruising fuel consumption obtainable in actual 
operation, is only determined, for a given engine and fuel, by operating 
experience. Until recently mixture control was entirely based on the 
pilot’s judgment, and, with the many details requiring his attention, the 
tendency was to operate on a cruising mixture which was safely on the 
rich side. One gauge of mixture control was formerly r.p.m., which is now 
no longer possible in actual service with constant-speed propellers. An- 
other criterion of detonation during this recent period of development was 
cylinder head temperature. With the newer engines of higher specific 
output better cooling is required, which has resulted in invalidating the 
previous relationship between cylinder head temperature and harmful 
conditions in the cylinder. It is reported that with engines of the latest 
design pistons will be ruined, owing to detonating conditions, before ab- 
normal cylinder head temperatures are indicated. Fortunately, instru- 
mentation for mixture control has improved so that the mixture may be 
controlled to the known safe value either by automatic mixture control 
or manually, checked by exhaust gas analysis. 

As a result of better engines, better fuels, and newer control devices, 
rapid strides have been made in lowering the specific cruising fuel consump- 
tion obtained in practice. Whereas a year and a half ago cruising fuel 
consumptions in commercial operation of the order of 0.55 lb. per brake 
horsepower hour were considered excellent, the same operators report 
that they are today realizing specific consumptions of 0.46 to 0.48 lb. per 
brake horsepower hour in their newest equipment and with present fuels 
of 87 to 90 octane number. The specific fuel consumption which may be 
anticipated in actual practice for fuels on the order of 100 octane number 
is a subject of some uncertainty. Tests (10) have been reported indicat- 
ing that under carefully controlled conditions specific consumptions as 
low as 0.35 lb. per brake horsepower hour have been obtained. 



TABLE 8 

Aination gasoline specifications of typical U. S. consumers' 
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On the other hand, it is reported that diflSculty has been encountered 
when attempting to operate the newest engines with 100-octanc fuel at 
0.39 Ib. per brake horsepower hour, and it is indicated that engine manu- 
facturers will hesitate to guarantee 100-octane fuel engines for specific 
fuel consumption less than approximately 0.43 lb. per brake horsepower 
hour. Relative values for cruising specific fuel consumptions of 0.47 lb. 
per brake horsepower hour for 87-octane fuel and 0 40 lb. per brake horse- 
power hour for 100-octane fuel and engines have therefore been assumed 
in subsequent illustrations with the feeling that adequate credit is being 
given to the higher octane fuel. 

Barnard (2) recently demonstrated the increased potential earnings ob- 
tainable by the use of the higher octane fuels, basing his calculations on 
data available on engine and fuel performance. While this analysis pro- 
vided a stimulus to both the engine and the fuel manufacturers, it is felt 
that it fell short of indicating the probable economic value of the higher 
octane fuels to the commercial users of these fuels for the following reasons: 
(1) Increased earning power was computed on the basis of a fixed quantity 
of fuel The same quantity of fuel of a higher octane number corresponds 
to a greater power development and hence an expanded operation. (2) 
Increased earning power as a function of fuel octane number was based 
on 100 per cent load factor, a condition never realized in practice, at least 
for land transport work in this country. (3) It was assumed that all of 
the potential increased payload due to the use of higher octane fuels could 
be realized and could be credited to the fuel with no overhead, profit, 
obsolescence or increased maintenance chargeable against the increased 
gross revenue. (4) No allowance was made for takeoff or reserve fuel. 

The following illustration will attempt to show the effect of these factors 
on octane economic evaluation for a moderately long non-stop land trans- 
port operation in the United States. The trip chosen for the purposes of 
this study is one similar to the New York to Chicago non-stop flight con- 
ducted by several commercial airlines. While the figures used must be 
considered as approximate only, they are believed to be of the correct 
order of magnitude and that modifications of the basic premises will result 
in minor changes. 

Table 9 summarizes the premises upon which subsequent calculations 
are based. In table 10 the minimum incremental value of 100-octane 
number fuel over 87-octane number fuel is calculated, based on lowered 
fuel consumption only. The maximum incremental value of 100-octane 
fuel versus 87-octane fuel is calculated in table 11 by assuming that all of 
the fuel weight saved can be replaced with revenue-producing payload. 

To investigate the influence of load factor on the earning power of the 
higher octane fuel, it is necessary to examine the effect of load distribution, 
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i.e., for any given load factor the percentage of flights which go out fully 
loaded. Any given load factor (average percentage of full payload car- 
ried) can be attained with various distributions between full and partial 
loads. 

Referring to figure 2, for illustration, if we assume a load factor of 75 
per cent, this may be obtained with a distribution such that 40 per cent 
of the trips carry full load and 60 per cent partial load, the partially loaded 
flights averaging 58.3 per cent of full payload. Operation using 87-octane 


TABJ.E 9 

Premises for calculation of octane fuel valuaiions 

Gross weight ship 
Empty weight ship 
Disposable load 


Fuel (87-octane grade) : 

Odilons 

Pounds 

Warm-up, taxiing and takeoff 

26 

150 

Climb, cruise and descent . 

416 

2,490 

Reserve 

100 

600 

Total fuel 

640 

3,240 

Oil 

43 

322 

Crew (3) 


500 

4,062. 


Payload 


Specific cruising fuel consumptions: 

87-octane fuel, 0.47 lb. per brake horsepower hour 
100-octane fuel, 0.40 lb. per brake horsepower hour 

Cost of 87-octane fuel (in plane tanks), per gallon 

Gross revenue: $0 0002875 per lb. mile ($6.76 per passenger mile 
with passenger plus baggage at 200 lb. average) To smooth 
the relationships payload and revenue are computed on a 
poundage basis. 

Mileage (non-stop) 


24,000 lb. 
16,600 lb. 
8,400 lb. 


4^62 lb. 
4,338 lb. 


$0.13 


720 mi. 


fuel and engines based on this load factor and load distribution is defined 
by the solid line of figure 2. 

With a given service between two points it is reasonable to postulate 
that increased revenue due to ability to carry added payload will only be 
realized during periods of peak demand, when present operations go out 
fully loaded and potential payload must be refused or extra ships (with 
partial payloads) operated. During the remainder of the period under 
consideration it is also reasonable to assume that the actual payloads 
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TABLE 10 

Calculation of minimum incremental value of 100~octane over 87 ’■octane fuel 

Assumptions: (I) Fuel consumption for warm-up, taxiing, and takeoff is constant 
at 26 gallons (150 lb ) irrespective of octane number. {2) Reserve fuel will be 
actually used on one-third of the flights. (5) The increased value per gallon of 
100-octane fuel will be based on lowered consumption only. 


87-octane fuel load 

3240 lb. 

Takeoff, etc 

150 lb. 

Fuel for cruising and reserve 

3090 lb 

100-octane fuel for cruising and reserve: 

(0 40 -i- 0 47) X 3090 

2630 lb. 

Takeoff, etc 

160 lb. 

100-octane fuel load 

2780 lb. 

Average fuel consumption of 87-octane fuel • 

3240 - i (600) « 2840 lb 

473.3 gal. 

Average fuel consumption of 100-octane fuel: 

2780 - i (600) X ^ - 2440 lb 

406 6 gal. 

Total average cost of 87-octane fuel per trip: 

473.3 X $0.13 » . 

$61 53 

On the basis of equal fuel costs the minimum value, per gallon, of 
100-octane fuel » $61.53/406 6 

$0.1513 

Minimum incremental value, in cents per gallon 

2.13 


TABLE 11 

Calculation of maximum incremental value of 100-octane versus 87-ociane fuel 

Assumptions: (1) Fuel consumption for warm-up, taxiing and takeoff is constant 
at 26 gallons (160 lb.) irrespective of octane. {2) Reserve fuel will be actually used 
on one-third of flights. (5) Ships go out fully loaded, i.e , 100 per cent load factor. 
(4) The fuel is credited with all of the increased gross revenue obtained by using the 
higher octane fuel. 


Total load of 87-octane fuel 

3240 lb. 

Total load of 100-octane fuel 

2780 lb. 

Weight saving useful for payload 

Increased gross revenue (100 per cent load factor) : 

460 lb. 

460 X 720 X $0 0002875 

$95.22 

If the increased gross revenue is all credited to the fuel, the 


maximum value of the 100-octane fuel is 61 .63 -f- 96.22 

$156 75 

Average consumption of 100-octane fuel 

406.6 gal. 

Maximum value of 100-octane fuel per gallon » 166.76/406 6 

$0 3865 

Assumed price of 87-octane fuel 

0 130 

Maximum differential price per gallon 

$0.2555 
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realized will be identical, regardless of the fact that the ships used have 
an increased potential payload-carrying capacity, (These premises will 
furnish a picture of the increased earning power of the new fuels and 
engines in the period immediately following their adoption. Over a period 
of years, based on an expanding traffic, the probable ultimate increased 
earning power will be greater. It is the writer^s belief, however, that 
economic justification must be based on present traffic demands and equip- 


INCREAiCD POTENTIAL PAVLOAD 



Fig. 2. Influence of load distribution on potential payloads, using 100-octane fuel 
and engines. Basis: 75 per cent load factor; 40 per cent of flights fully loaded; 
60 per cent partially loaded. 4316 lb. maximum payload using 100-octane fuel and 
engines; 3805 lb. maximum payload present operation; 2806 lb. average payload 
present operation (76 per cent of 3806 lb.); 2220 lb average payload partially loaded 
flights (68 3 per cent of 3806 lb,), 

ment. On the other hand, the installation of new engines in present ships 
will not impose an obsolescence charge against the new fuel and motors 
based on the present rate of engine replacement.) 

The shaded areas in figure 2 represent the potential increased payloads 
which can be realized in whole or in part for the assumed load factor and 
distribution by the use of 100-octane fuel and engines. 

The calculations of tables 10 and 11 have shown, respectively, the 
minimum and maximum increased values per gallon of 100-octane fuel 
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over 87-octane fuel for the given set of premises. The probable answer 
lies somewhere between the two. Table 12 shows a calculation of increased 
earnings for 100-octane fuel based on 75 and 50 per cent load factors but 
with various distributions between fully and partially loaded flights, and 
assuming that all the increased payload capacity under peak demand con- 
ditions can be realized. While the results of table 12 can be computed 
much more simply, this sample calculation is given in detail to avoid con- 
fusion as to the method employed. 

Figure 3 summarizes the results of all calculations illustrated by 
table 12. Curve I of figure 3 defines the maximum incremental value, 


u 
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$ 
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Z 

u 

cc 

u 


PER CENT 



Fig. 3. Influence of load distribution on incremental value of 100-octane fuels. 
Differential value of 100-octane fuel over 87-octane fuel, in cents per gallon, plotted 
against per cent of flights fully loaded. Curve I, assuming all of potential Increased 
payload credited to fuel ; curve II, 50 per cent of potential increased payload credited 
to fuel; curve III, 25 per cent of potential increased payload credited to fuel; curve 
IV, no increased payload credited to fuel. 


for any load factor and load distribution, of 100-octane fuel and engines 
over 87-octane fuel. If we take, for example, a 75 per cent load factor, 
obtained with a distribution of 75 per cent of the flights fully loaded and 
25 per cent with zero load, an incremental value of 19.7 cents per gallon 
is read from figure 3, which represents the maximum differential value 
obtainable for 100-octane fuel with an overall load factor of 75 per cent. 
If, with a load factor of 75 per cent, only 40 per cent of the flights are 
fully loaded, the incremental value is depreciated to 11.5 cents per gallon. 
If 0 per cent of the flights are fully loaded and 75 per cent partially loaded, 
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an incremental value of 2.1 cents per gallon is obtained, corresponding to 
the reduced fuel consumption only. A 100 per cent load factor obviously 
means 100 per cent of flights fully loaded. 

Curve I of figure 3 assumes that all of the increased potential payload- 
carrying capacity can be sold during periods of peak demand. It is be- 
lieved to be a fair approximation to assume that an average of only 50 per 
cent of the increased payload capacity can be realized. On this basis 
the curve designated as II becomes the reference curve. 

Figure 3, as discussed so far, really refers to probable increased gross 
earning per gallon of fuel. The net increased earning power per gallon 
for the higher octane fuel will be less than the increased gross earning by 
the amount of the fixed charges against this increased revenue. The in- 
creased revenue per gallon which can be credited to the fuel for higher 
price justification will therefore probably approximate 25 per cent of the 
total increased potential revenue earned by the use of the fuel. For the 

TABLE 13 


Approximate estimated increased earning power per gallon of 100-octane fuel over 
87 -octane for a 7g0-mile land transport operation 


FSB CBKT OF FUOHTS FULLT LOADBD 

CBNTB PBB GALLON DIFFSBBNTIAL 

0 

2.1 

20 

3.3 

40 

4.4 

60 

5.6 

80 

6.7 

100 

7.9 


type of operation and on the basis of the premises used in this illustration, 
it would appear that differential net earning powers approximately as 
shown in table 13 could be postulated for 100-octane over 87-octane fuel 
for the various load distributions with probable differential earning powers 
falling in the range of 3 to 6 cents per gallon as shown by curve III, 
figure 3. 

Curve IV defines the minimum incremental value of the higher octane 
fuel based on lower fuel consumption only and independent of load dis- 
tribution. 

It should be emphasized that the illustration here used is based on a 
long non-stop land operation. For shorter range operations the incre- 
mental value of higher octane fuel will be less, approaching the minimum 
incremental value of approximately 2 cents per gallon. On the other 
hand, the long range sea operations will show greater increased earnings 
for any increase in payload, but, again, the load factor and load distribu- 
tion will reduce the premium which can be paid for the higher octane fuel. 
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III. ECONOMICS OF THE USB OF HIGH-OCTANE BLENDING AGENTS 

The high-octane blending agents now available commercially as typified 
by isooctane (2,2,4-trimethylpentane) and its isomers, and isopropyl 
ether, can be utilized in various ways as dictated by economic considera- 
tions: ( 1 ) as blending agents with aviation base stock for the manufacture 
of 100+-octane aviation gasoline; ( 2 ) as blending agents in the manufac- 
ture of 87-octane aviation gasoline; and (5) as blending agents in the manu- 
facture of motor fuels, either 70-octane regular grade or ethyl grade. 

The manufacture of lOO-f- octane aviation fuels with a tetraethyl lead 
maximum imposed by specifications makes the use of high-octane blending 
agents necessary. It has been demonstrated earlier that 100-octane fuels 
can probably command a price differential over 87-octane fuels in the range 

TABLE 14 


Octane numbers and tetraethyl lead response of isopropyl ether and isodctane blende with 

aviation base (5) 





A.B.T.M. OCTANE NUMBBBI 

BLBNDINQ AQBNT 

yOLtrMB PEB 
GENT ADDED 

CLEAB 

1 CO. of tetra- 
ethyl lead per 
gallon 

3 00 . of tetra- 
ethyl lead per 
gallon 



0 

73.5 


87.5 



10 

76.3 

84.1 

89.3 

Isopropyl ether | 


25 

80.5 

88.6 




40 

85.0 


97.5 



0 

73.5 

82.0 

87.5 



10 

76.0 

84.0 


Isodctane ^ 


25 

79.4 

86.8 

91.4 



40 

83.0 


94.2 



50 

85.5 

93.0 



of 3 to 6 cents per gallon if used in the longer range land transport work 
in the United States. Considering that the blended fuels will probably 
not contain over 50 per cent of total blending agent, a price differential of 
this order should assure the manufacturers of sufficient “spread.^' The 
writers estimate the approximate manufacturing cost of any of the blending 
agents mentioned as falling in the range of 7 to 9 cents per gallon (includ- 
ing plant depreciation at 20 per cent per year and charging stock debited 
against the operation at 15 cents per million B.t.u. with corresponding fuel 
oil credits for by-products). 

Table 14 gives published C.F.R.M. octane numbers of isopropyl ether 
and isooctane blends together with leading characteristics. 

Assuming an 87-octane aviation gasoline (containing 3 cc. of tetraethyl 
lead per gallon) and further assuming that a blend of this aviation gasoline 
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With 40 per cent of an hypothetical blending agent will furnish 100-octane 
gasoline (the blend also containing 3 cc. of tetraethyl lead per gallon), the 
relation between the values of 87-octane aviation gasoline and the blending 
agent is calculated in table 15. 

Aviation gasoline of 87 octane number is being prepared from selected 
straight-run light naphthas without exceeding lead tolerances imposed by 
specifications. The economic value of the high-octane blending agents in 
the preparation of 87-octane gasoline can be based on: ( 1 ) the lead replace- 
ment value using the present selected base stocks, and ( 2 ) the upgrading 
of straight-run naphthas of lower octane than the present selected base 
stocks. Examining the first possibility, and using blending and leading 

TABLE 15 

Value of high-octane blending agents in manufacturing 100-octane aviation gasoline 

Basis: aviation gasoline of 87 5 C.F.R M. octane number containing 3 cc. of tetra- 
ethyl lead per gallon 

Assumed blend: 60 per cent of 87 5-octane aviation gasoline and 40 per cent of 
blending agent. Assume that the blend with 3 cc of tetraethyl lead per gallon 
will have 100 octane number. Let A « value of 87 5-octane base in cents per 
gallon, B *= value of blending agent in cents per gallon, and P — premium value of 
100-octane over 87-octane in cents per gallon: 

0.6A -f 0.4B « A -h P 
P 

B — A ^ o"40 (equation 6) 

Value of P Value of S — A 

cent* eenti 

2 5 

4 10 

6 15 

8 20 


data as given by Buc and Aldrin (3), the calculations of table 16 may be 
made. 

If the high-octane blending agents were used in the manufacture of 87- 
octane fuels, a much lower premium based on lead saving would be ob- 
tained for the blending agent than when used in the manufacture of lOO-b- 
octane. (This illustration assumes that the 87-octane unleaded isooctane 
blend would give the same performance as an 87-octane fuel containing 
lead. Evidence indicates that a leaded fuel would rate higher in perform- 
ance on a full scale engine test.) 

The use of high-octane blending agents in upgrading low-octane straight- 
run naphthas, thereby making them available for use in 87-octane avia- 
tion blends, is illustrated in table 17. 
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TABLE 16 


Value of high-octane blending agents on lead replacement basis in making 87 -octane 

aviation gasoline 


Octane number of aviation gasoline base plus 3 cc of tetraethyl 
lead 

87 6 

Lead required, cc. per gallon, to raise 25 per cent isooctane blend 
to 87.5-octane aviation gasoline 

1 05 

Basis — gallons of 87.5-octane aviation gasoline 

75 

Aviation base stock, 75 gallons at 3 cc of tetraethyl lead per 
gallon 

225 cc. 

Blend: 100 gallons (75 gallons of aviation base d- 25 gallons of 
isooctane) at 1 05 cc of tetraethyl lead per gallon 

105 cc 

Tetraethyl lead equivalent of 25 gallons of isooctane 

120 cc. 

Cc of tetraethyl lead per gallon of isooctane 

4 8 

Cents per gallon differential value of isooctane over 87 5-octane 
aviation gasoline, based on tetraethyl lead saving, equals 

4 8 X 0.26 cent 

1 25 


TABLE 17 

Value of high-octane blending agents in upgrading low-octane naphtha to furnish 

aviation base 

Assume a straight-run naphtha of 65 octane number. This material will be up- 
graded by the use of a 100-octane blending value blending agent to match a 73 6- 
octane aviation base stock The aviation base and the blend can each be brought to 
87 octane by the use of 3 cc of tetraethyl lead per gallon 


Preparation of blend : Let X percentage of 65-octane naphtha in blend 

X ( X\ 

+V- =■ ® 

X =« 75 7 per cent of 65-octane straight-run naphtha 

Let A « value of 87-octane aviation base in cents per gallon, B = value of blending 
agent in cents per gallon, and N = value of 65-octane naphtha in cents per gallon: 

0 757N H- 0 243B = A - 3 X 0 26 

B - 4 llA - 3.11iV' - 3.21 

B — A «* 3.11(A — N) — 3.21 (equation 7) 


Valuefl oi A- N 
centB 

3 

6 


Values ot B — A 
cenU 
6 
15 


For differential values of 87-octane aviation over 65-octane straight-run 
naphtha of 3 or 6 cents per gallon, the corresponding premium values of 
the blending agent over 87-octane aviation become approximately 6 and 
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15 cents per gallon, respectively; hence this use of the high-octane blending 
agents would appear to offer economic possibilities. 

The few data available on the blending and leading characteristics of 
the high-octane blending agents are for the most part confined to blends 
with straight-run naphthas suitable for aviation base stocks or with the 
various standard reference fuels. The octane blending and leading char- 
acteristics of several of the high-octane blending agents may be sum- 


TABLE 18 

Use of high-octane blending agent (assumed blending value 100) in automotive fuel blend 
Base stock : refinery blend as given in table 5 


(A) Lead replacement value for 70 C.F.R.M. blend : 


Let X « per cent of base stock in blend 




100 


(100 - X) 
100 


70.0 


X =« 91.0 per cent base stock 

91 gallons of base at 0.37 cc. of tetraethyl lead per gallon 
100 gallons of blend (91 gallons of base -f- 9 gallons of blendi ng agent) 
Tetraethyl lead equivalent to 9 gallons of blending agent 
Cents per gallon premium value of blending agent over 70-octane = 
(33.6 + 9) X 0.26.. . 


33.6 cc. 
0.0 cc. 
33 6 cc. 

0 97 


(B) Lead replacement value for 78 C.F.R.M. blend: 

Let X ■« per cent base stock in blend 


„ A . ,«,aoo - X) 

67.0 + 100 ■ 


78.0 


X « 66.7 per cent base stock 


66.7 gallons of base at 3.56 cc. of tetraethyl lead per gallon. . . 238 cc. 

100.0 gallons of blend (66.7 gallons of base -f- 33.3 gallons of blending 

agent) 0 cc. 

Tetraethyl lead equivalent to 33.3 gallons of blending agent 238 cc. 

Cents per gallon premium value of blending agent over 78-octane = (238 + 

33.3) X 0.26 .. 1.85 


marized as follows: (i) 2,2,4-trimethylpentaiie has an octane blending 
value of 92 to 100, with the lower blending values corresponding to the 
lower concentrations of the blending agent. The octane level of the 
blend appears to have little influence. The lead susceptibility of the blend 
is approximately that of the base stock, at least for the lower concentra- 
tions. (£) The other trimethylpentanes have octane blending values 
slightly lower than those of the 2,2,4 compound. The clear octane num- 
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ber approximates 95 as compared with 100 for c. p. isodctane. (S) The 
dibutylenes or dimers before hydrogenation to the isoOctanes have octane 
blending values which are a function of concentration in the blend and 
octane level of the blend. Egloff (5) cites blending values varying from 
152 (5 per cent concentration) to 95 (75 per cent concentration) when 
blended with A-3 Reference Fuel (43.6 octane number). (4) Isopropyl 

TABLE 19 

Use of high-octane blending agent (assumed blending value ISO) in automotive fuel blend 
Base stock: refinery blend as given in table 5 


(A) Lead replacement value for 70 C.F R.M. blend: 


Let X = per cent of base stock in blend 


67.0 


100 


-f 


(100 - X) 
100 


130 


70 0 


X « 95.2 per cent base stock 

95 2 gallons of base at 0 37 cc. of tetraethyl lead per gallon 35.2 cc. 

100.0 gallons of blend (95 2 gallons of base + 4.8 gallons of blending 
agent) . 0 cc. 

Tetraethyl lead equivalent to 4 8 gallons of blend . . 35.2 cc. 

Cents per gallon premium value of blending agent over 70-octane ■* (35.2 
-i- 4.8) X 0.26 1.91 


(B) Lead replacement value for 78 C.F R.M. blend : 

Let X = per cent of base stock in blend 




X) 


100 


130 


78.0 


X 82.5 per cent base stock 


82.5 gallons of base stock at 3.56 cc. of tetraethyl lead per gallon 293.7 cc. 
100.0 gallons of blend (82.5 gallons of base -h 17.5 gallons of blending 

agent) 0.0 cc. 

Tetraethyl lead equivalent to 17 5 gallons of blending agent . . . 293.7 cc. 

Cents per gallon premium value of blending agent over 78-octane ■» (293.7 
+ 17.5) X 0.26 ... 4.36 


ether has a blending value somewhat over 100 with concentration and 
octane level of the blend having little influence. 

Based on these approximate data, the economics of the use of the high- 
octane blending agents are illustrated by tables 18 and 19. 

From tables 18 and 19 it appears that the high-octane blending agents 
have low economic value when used for 70-octane automotive blends. In 
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the manufacture of premium automotive blends the blending value of the 
dibutylenes appears to give these materials an attractive economic value 
for the following reasons: Selective polymerization plants will produce good 
yields of dibutylenes based on the olefins charged. To manufacture the 
isooctam's hydrogenation is a costly further step in the process. Hence 
excess polymerization capacity over that required for the aviation blending 
agent may })e installed, and the excess dimer produced may be blended in 
premium-grade motor fuel, thus permitting the processing of the aviation 
gasoline requirements only through the hydrogenation stage and realizing 
an attractive premium on the balance of the high-octane polymer. 

IV. POTENTIAL SUPPLIES OF HIGH-OCTANE BLENDING AGENTS 

The U S. consumption of aviation gasoline, as given in table 1, has been 
estimated as approximately 81,000,000 gallons for 1936. (The figures of 
table 1, while prepared from all available statistical data, may be somewhat 
on the low side ) Based on the rate of increase for the past several years, 
the 1937 consumption will be in excess of 100,000,000 gallons. The world 
consumption of aviation gasoline for 1936 has been estimated by others 
at 252,000,000 gallons (6). 

A survey of present available material for the manufacture of technical 
isooctane (2,2,4-trimethylpentane) indicates a potential U. S. supply of 
155,000,000 gallons per year (3). The potential supply of isomeric tri- 
methylpentanes having octane ratings only slightly below that of 
2,2, 4-trimethylpentane must be appreciably greater than that of this com- 
pound, as the first step in their manufacture is the selective polymeriza- 
tion of isobutene and normal butene, resulting in “dimer” yields of 150 to 
200 per cent of the isobutene content of the charge. Supplies of propylene 
for the manufacture of isopropyl ether have been estimated as sufficient 
for the U. S. manufacture of 340,000,000 gallons per year of technical iso- 
propyl ether (diisopropyl ether) (3). It should be noted that any of these 
materials is at present only used in blended concentrations up to approxi- 
mately 50 per cent. 

From these figures it is evident that the potential quantities of several 
high-octane blending agents are far in excess of probable requirements for 
aviation gasoline; hence these materials may spill over into the motor fuel 
market for use in motor fuel blends if economic justification can be shown. 

Other materials than the particular blending agents cited may be ex- 
pected to influence aviation gasoline economics and octane ratings. The 
increased use of certain of these may be contingent upon revision of present 
specifications, particularly a clarification of fuel ratings in the region above 
87 octane number with respect to actual engine performance. 
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V. CONCLUSIONS 

1. Automotive fuels have been relatively stable in octane ratings for 
several years, with ceitain factors indicating a more rapid rise in octane 
number. 

2. One of the major economic problems in the manufacture of automo- 
tive fuels is the most economical use of the straight-run naphtha fraction 
of the crude. With low-octane virgin naphthas the optimum balance is 
partial reforming and partial ethylizing, with the differential between 
partial reforming and total ethylizing decreasing with increased octane 
number of the virgin naphtha. 

3. Aviation fuels are in a state of change with respect to octane numbers. 
The industry is ready to use 100+-octane fuels provided these are made 
available at a price structure permitting their economic justification by 
the users and as soon as engine manufacturers offer engines. 

4. Based on certain premises it is the writers^ belief that net increased 
earning powers of 100 effective octane aviation fuel over 87-octane fuel 
of 3 to 6 cents per gallon can be justified for a portion of the land transport 
work in the U. S. If all commercial U. S. land transport operations are 
included, the differential earning power will fall in the range of 2 to 6 cents 
per gallon, 

5. It appears that the high-octane blending agents cannot be economi- 
cally used in blends with aviation base stocks (of 73 to 74 C.F.R.M.) for 
the manufacture of 87-octane aviation gasoline. The high-octane blend- 
ing agents can be used economically in upgrading low-octane naphthas for 
use in 87-octane aviation gasolines. 

6. The use of the high-octane blending agents in automotive fuels 
would appear to be limited to those showing high blending values and in 
the manufacture of premium-grade automotive fuels. It is suggested that 
excess dibutylenes may be absorbed in premium-grade automotive fuel. 

The suggestions and criticisms of D. P. Barnard of the Standard Oil 
Company (Indiana), A. L. Beall of the Wright Aeronautical Corporation, 
and William Littlewood of American Airlines are gratefully acknowledged. 
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DISCUSSION 

J. Edward Kline (Research Laboratories of the Standard Oil Company, 
Whiting, Indiana): This paper parallels Barnard's (Barnard: S. A. E. 
Journal (Trans.) 41 , No. 3, 415 (1937)) in its economic evaluation of octane 
number increases in aviation fuel. Both papers justify a definite premium 
for higher octane fuels, but they differ considerably, first as to the basis 
employed and second, as to quantitative values cited for differential value 
determinations. 

Barnard presents an evaluation expressed in terms of maximum increase 
in ultimate gross earning capacity per unit increase in octane number, 2.2 
cents per octane number per gallon representing an average value, which 
he offers to substantiate his conclusion that the aviation industry must 
prepare for an increasing utilization and the petroleum industry for an 
increasing production of higher octane aviation fuels. These incremental 
values are computed for revenue increases attributable either to the higher 
compression ratio or greater supercharge made possible by octane number 
improvement in the 72 to 100 octane range for flights of various duration. 
While it fe more complete than the present paper in these respects, and 
while ample evidence is submitted to justify the conclusion mentioned 
above, Barnard's paper does not satisfactorily indicate either the immedi- 
ate or the probable ultimate value of the higher octane fuels to their com- 
merical users, because quantitative determinations are based on 100 per 
cent load factor and on equipment designed to take the fullest possible 
advantage of octane improvements, and because revenue increases are 
given in terms of gross rather than of net earning capacity. 

The economic evaluation given in the present paper is confined to a 
single illustration of the immediate increase in net earning capacity of 
100-octane over 87-octane fuel and engines when used in present planes. 
The authors allow additional payload only during those periods of peak 
demand when present ships go out fully loaded, and conclude that a value 
of 0.2 to 0.6 cents per octane number per gallon is probably justifiable. 
This does not recognize the validity of postulating an increasing utiliza- 
tion of higher octane fuels on the basis of their probable ultimate increased 
earning capacity. It seems that the true evolutionary character of such 
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a shift in fuel specifications is not appreciated, for, whereas only a few opera- 
tors may find it immediately advantageous to incorporate 100-octane fuel 
and engines in their present planes on the basis of incremental values cited, 
eventually the collaboration of fuel manufacturers, airplane and engine 
designers and builders, and airline operators will make possible full reali- 
zation of the ultimate increased earning capacities of the higher octane 
fuels. Whether it be by normal expansion in traflSic or by obsolescence or 
both, airline operations using 100-octane fuel will be made fully as suitable 
for then existing conditions as is 87-octane fuel for the present. 



OCTANE NUMBER ~ ARMY METHOD 


Fig 1. Plot of engine efficiency versus fuel octane number. Data obtained on the 
Army C.F.R. engine. The curve holds for fuels of the same calorific value as iso- 
octane. 


It would seem more reasonable for the present paper to compare 87- and 
100-octane fuels on the basis of identical load factors for the given opera- 
tion, if the resulting values are to serve as a criterion for indicating the 
probable future of high octane number aviation fuels. Whije the values 
cited by Barnard represent the most optimistic outlook, those given in 
the present paper should be regarded as representing an unjustifiably pes- 
simistic viewpoint. It would appear that a more conservative outlook 
could be based on an average load factor of 60 per cent, for which dif- 
ferential values between 1 and 1.6 cents per octane number per gallon are 
more nearly indicative of the probable ultimate increased earning capaci- 
ties of higher octane fuels. 
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F. L. Garton (Shell Petroleum Corporation, Wood River, Illinois) With 
the advent of transoceanic flights, the importance of high-octane fuels is 
increasing rapidly, and the authors^ remarks on the economics of these 
fuels are very timely. In this connection I should like to explode a fal- 
lacy which has been current during the last few years. It is often stated 
that octane numbers are larger, the higher in the octane range one goes. 
It is true that an increase from 85 to 90 octane number will allow a greater 
increase of compression ratio than an increase from 45 to 50 octane num- 
ber. However, the curve of thermal efficiency versus compression ratio 
falls off at the higher ratios and tends towards a maximum. The net 
result is that the efficiency is roughly a linear function of fuel octane number 
over the practical range. This is shown in the attached figure, in which 
the efficiency, expressed as brake horsepower hours per pound of fuel, is 
plotted against fuel octane number. This curve is derived from data ob- 
tained on the Army C.F.R engine and holds for fuels of the same calorific 
value as isooctane. 

It will be noted that the curve is sensibly linear and does not show signs 
of approaching a maximum. The possible increase in efficiency on chang- 
ing from an 87- to a 100-octane fuel is indicated to be about 11.5 per cent. 
However, it has been shown by Barnard (S.A E. Journal (Trans.) 32, 
418 (1937)) and others that in this high octane range greater improve- 
ments in efliciency can be obtained by supercharging than by increasing 
the compression ratio. 


^ Received September 18, 1937. 
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I. INTRODUCTION 

The reactions of the simple hydrocarbons are of great importance from 
both the theoretical and the industrial points of view. From a theoretical 
standpoint tremendous strides have been made in the past decade. Ten 
years ago little was known about the mechanisms of the simple thermal 
reactions, in spite of the fact that an enormous mass of purely pyrolytic 
data had been accumulated. In the last few years the subject has ad- 
vanced rapidly, owing to the application of the methods of chemical 
kinetics, to the investigation of atomic and photosensitized reactions, and 
to enquiries into the r61e played by free radicals in thermal reactions. 
While there is considerable doubt regarding the validity of some of his 
speculations, there is no question that the ideas of F. 0. Rice regarding the 
participation of free radicals in thermal processes have given a tremendous 
stimulus to the investigation of hydrocarbon and other reactions. 

311 
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Owing to the complexity of the subject, the many angles from which it 
may be approached, the rapidity of its development, and the scattering of 
papers through organic, physical, and industrial journals, it is very difficult 
to orientate oneself in this field. Numerous reviews have appeared on 
hydrocarbon chemistry, but they have all been concerned primarily with 
the products of the reactions from an industrial standpoint. The theoret- 
ical basis of the subject must, however, rest on the principles of chemical 
kinetics, and a review of existing kinetic data from this point of view seemed 
desirable to the writer. In this review an attempt has been made to 
include all data which seem to be pertinent to the kinetic analysis of the 
simple thermal and photochemical reactions of the lower paraffins, olefins, 
and acetylenic hydrocarbons. No attempt has been made to include 
references to purely pyrolytic investigations, or to catalytic processes, 
since a number of comprehensive reviews of this kind already exist (35, 
36, 41, 42, 43, 45, 46, 48, 57, 77, 181, and especially 40). In spite of their 
importance, the oxidation and halogenation reactions of the hydrocarbons 
have not been included, since these do not seem to have advanced as yet 
to the stage where we can disentangle the processes into their component 
parts with any degree of certainty. In any case these subjects have been 
frequently reviewed (44, 47, 117, 132, 183). 

Inasmuch as the available information regarding the reactions of the 
simple hydrocarbons comes from a variety of sources, it will be advanta- 
geous to give a brief discussion of a number of points in a general way 
before embarking on a detailed analysis of the reactions of specific sub- 
stances. 


A, The kinetics of decomposition reactions 

Since the discovery by Hinshelwood (73) in 1926 that a number of 
organic compounds decomposed by a first-order mechanism, the number of 
known first-order reactions has increased very rapidly, and it now appears 
that at least the primary step in almost all organic decomposition reactions 
is a unimolecular change. The whole question of the stability of gaseous 
organic substances is therefore virtually reduced to a consideration of the 
magnitude of the unimolecular velocity constant. This is usually ex- 
pressed over a range of temperature in terms of the integrated form of the 
Arrhenius equation, i.e., 

k = 

or (A) 

E 

logw k = logic A - 2 ^ 3 ^ 

where A is a constant and E is the so-called energy of activation. 
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The modern theory of unimolecular reactions is based on the idea that 
activation is by collision, but that a time lag exists between activation and 
reaction, most activated molecules being deactivated before they have a 
chance to react. As a result there exists a stationary concentration of 
activated molecules, which is calculable from the Maxwell-Boltzmann 
distribution, and the rate of reaction is proportional to the first power of the 
concentration of the reacting substance. At low pressures, however, the 
diminished number of collisions will no longer be able to replace the acti- 
vated molecules as fast as they are destroyed by reaction, their stationary 
concentration will fall, and hence the rate of reaction will diminish with 
decreasing pressure. 

Thus, formally, we can represent the process by: 

(1) 2A — > A -f A* activation by collision 

(2) A + A* — > 2A deactivation by collision 

(3) A’*' products reaction 

In the steady state 

or 

2A:i[A]" - ^[A*] - fe[A][A*] - 0 


Whence 


[A*] = 


%[Af_ 

/C3 -f- ^2[A] 


Now the overall rate of reaction is the rate of reaction 3, i.e., ^[A*], 
hence 


d r Ai _ 

^ ~ k»+ fe[A] 


At high pressures felA] ^ ks and this reduces to 

dr^i 2*3 W A] 

dt^^” *2 


i.e., the reaction is of the first order. At sufficiently low pressures, how- 
ever, deactivation becomes slower on account of the diminished number of 
collisions, and eventually we have fcs^ * 2 [A]. The rate expression then 
becomes 


^[Al = 2UAf 
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and the reaction becomes of the second order. In the intermediate range 
the rate constant will fall with diminishing pressure and the reaction will 
have an order between 1 and 2. 

The theory of unimolecular reactions is mainly concerned with the inter- 
pretation of the rate pressure curve in the region where the velocity 
constants begin to fall below their high-pressure value. In the develop- 
ment of such a theory it is necessary to be more specific concerning the 
nature of the energy of activation. One type of theory assumes (72) that 
if a molecule has an energy > it has a definite probability of reacting, 
independent of its excess energy over and above E. This is the simplest 
form of theory, but it gives a rate-pressure relationship which is definitely 
in disagreement with the facts. The other t3rpe of theory assumes that for 
reaction energy must be concentrated in one particular degree of freedom, 
or in one vibrational bond of the molecule (82, 83, 167, 168, 169). On this 
basis it is obvious that the chance of getting energy equal to or greater than 
E into one bond will be a function of the total energy of the molecule, and 
will increase rapidly with the excess of the energy of the molecule over E. 
This type of theory gives results which are in excellent agreement with the 
facts. There are a number of different forms of the theory, but all are 
essentially the same. That of Kassel (84) is much the simplest and is the 
one which is usually employed. 

Kassel assumes that if a molecule has j quanta divided among s oscilla- 
tors, it will react when m quanta are localized in a particular bond. He 
then gets directly for the rate of reaction at high pressures 


A(1 - 


V + s - AiK? ■ 

s - 1 ) if 


m + s 




m)\ij + s — 1)! 


which on carrying out the summation reduces to 


= Ae 


-mhvIkT 


(B) 


Here A has the general character of the reciprocal of a relaxation time, 
i.e., it is a measure of the frequency with which the energy of the molecule 
is redistributed among the various oscillators, v is the frequency of the 
oscillators all of which are for simplicity assumed to be identical, and k 
is the Boltzmann constant. It is not necessary for us to discuss here the 
situation at low pressures, where the rate has “fallen off^^ from its high- 
pressure value. 

A comparison of equations A and B shows that 

mhv = E/Nq 

where iVo is Avogadro^s number. In other words, the activation energy is 
merely the total energy of that number of quanta which must be located in 
the pertinent bond before reaction can occur. 
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Obviously, for the purpose of predicting the products of decomposition 
reactions, it becomes a matter of major importance to discover any possible 
correlation between the activation energy of a reaction and the strengths 
of the bonds formed and broken in it. This question is discussed in the 
following section. 

B. Free radicals in organic decomposition reactions 

There is at present considerable uncertainty concerning the manner 
in which a large number of organic compounds decompose at high tem- 
peratures. Consider, for example, the decomposition of gaseous acetal- 
dehyde to yield methane and carbon monoxide. There are two main 
mechanisms by which this process might occur: 

{1) The molecular mechanism: In this case acetaldehyde splits into its 
final stable decomposition products in a single step, 

CH3CHO CH4 + CO 

This involves the simultaneous rupture of two valence bonds and the 
formation of one new one. It is obvious, therefore, that the activation 
energy of the process will bear no simple relation to the bond strengths. 

{2) The free-radical mechanism: It is, however, possible that the primary 
step consists of the rupture of only a single bond, giving rise to two un- 
saturated radicals, 

CH3CHO CHg + CHO 

and that these radicals undergo secondary reactions which ultimately 
lead to the formation of methane and carbon monoxide. If this mechanism 
is the true one, and if the later reactions are fast compared with the primary 
step, the activation energy will be a direct measure of the strength of the 
only bond broken in the primary step, the C — C bond. 

Rice (166) has suggested that virtually all organic compounds decompose 
by such a free-radical mechanism. If such a theory is to stand, it is ob- 
viously necessary to show in the first instance that free radicals are capable 
of existence. This had already been accomplished by Paneth and Hofeditz 
(134), who showed that free methyl radicals from the decomposition of 
organic compounds could be detected in a rapidly flowing gas stream by 
their reaction with a lead mirror to form volatile organometallic com- 
pounds. Following this discovery. Rice and his coworkers (156 to 166) 
made a comprehensive investigation of organic decomposition reactions 
from this point of view. They found that free radicals could be detected 
in the decomposition of almost all gaseous organic substances. 

On account of the low pressures, fast flow, etc., which must be used in 
such experiments, it is necessary to work at temperatures which are from 
20Q® to 300°C. higher than those at which the ordinary thermal decom- 
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position sets in. Hence, while it is certain that radicals are present at 
very high temperatures, such tests do not prove their presence during 
ordinary thermal decomposition at lower temperatures. 

The theory has met with its greatest success in predicting the products 
of organic decomposition reactions (159), especially those of the hydro- 
carbons. The observed activation energies of the decomposition reactions 
of most organic substances lie between 35 and 70 kg-cal. Rice points out 
that if two reactions have activation energies different by 4 kg-cal., 
then the relative rates at 600°C. are in the ratio e"^<wo /2 x 873 qj. 

proximately 9 to 1. Similarly for a difference of 10 kg-cal. the rates will 
be in the ratio of 500 to 1 . It follows, therefore, that if there are two or 
more possible modes of decomposition of a compound, then if one of these 
has an activation energy 10 kg-cal. or more lower than that of any of the 
others, it alone will occur to an appreciable extent. (This argument is 
usually correct. It has exceptions however, since in some cases the varia- 
tion in A in equation A (page 312) is sufficient to counterbalance a dif- 
ference in E. In most cases, however, the values of A are the same to 
within one power of 10 and equal to about 10^^) 

There is still some uncertainty about the values of the strengths of the 
C — C, C — H, C=C, and C=C bonds. It is, however, certain that the 
C^C and C=C bonds are very much stronger than the others, and it 
appears probable that the C — H bond is about 15 kg-cal. stronger than the 
C — C bond (204). We may therefore conclude that if the decomposition 
of a hydrocarbon occurs through free radicals it will always split at a C—C 
bond, and never at a C — or a double or triple bond. 

Thus in the case of propane, for example, the primary reaction can only 
be 


CsHs CHa 4 - C2H6 


Now methyl and ethyl radicals can be detected by the Paneth technique, 
but normally not other higher radicals, presumably because when formed 
they decompose very rapidly into unsaturated compounds and CH3, 
CaHs, or*H. Some energy of activation will, in general, be required for 
each step, but this will usually be much smaller than that required for the 
primary split. In the case of propane we thus have the following scheme. 


R denoting a methyl radical or a hydrogen atom, 

CH3CH2CH3 CH3 + CH3CH2 (1) 

CH3CH2CH3 -f R RH + CH3CH2CH2 (2a) 

CH8CH2CH2 C2H4 + CH3 (2b) 

CHsCHsCHa + R RH + CHsCHCHa (3a) 

CHjCHCHs CHsCH^-CHa -f- H (3b) 
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On the basis of chance we would expect reaction 2 to be faster than reaction 
3 in the ratio of 3 to 1, since there are six primary hydrogen atoms to two 
secondary. There is, however, some evidence that secondary hydrogen 
atoms are somewhat less strongly bound. On this basis Rice estimates 
that reaction 2: reaction 3::6:4. Hence, neglecting all but the chain- 
carrying steps, we have for the overall decomposition 

6C3H8 6C2H4 + 6CH4 

4C3H8 -> 4C3H6 + 4H2 

IOCsHb -> 6C2H4 + 6CH4 + 4C3H6 + 4H2 

In general, this method gives rather good agreement with experiment, and 
the results will be discussed later for specific cases. 

If the free-radical theory of organic decomposition reactions is to be 
accepted, however, it must account not only for the products of organic 
decompositions, but also for the kinetics of such processes. It is an experi- 
mental fact that almost all organic decomposition reactions are of the 
first order, and it is therefore necessary for the theory to answer two 
questions : (a) If the measured process is really the summation of a complex 
series of reaction steps, how is it that the overall reaction appears to be of 
the first order? (6) If, as is postulated, most reactions occur by the 
breaking of a C — C bond, how is it that experimental activation energies 
for decomposition reactions are usually far smaller than the strength of 
this bond? 

Rice and Herzfeld (162) answered these questions by showing that 
mechanisms could be devised on a free-radical basis which would lead to 
a first-order overall rate. Further, by a suitable choice of the activation 
energies of the part reactions, the apparent activation energy of the overall 
reaction could be made to agree perfectly with the experimental value. 
As an example, consider the following scheme for the decomposition of 
an organic molecule Mi (166) : 


Ml — > Ri “i- M2 

E in kg-cal, 

80 

(1) 

Ri Ml — > RiH -f* R2 

15 

( 2 ) 

R2 — > Ri “t” Ms 

38 

( 3 ) 

Ri -f- R2 — > M4 

8 

( 4 ) 


The molecule Mi is assumed to decompose into a radical Ri and a molecule 
M 2 . The radical Ri reacts with a fresh molecule of the reactant, ab- 
stracts a hydrogen atom, and forms the stable substance RiH and the 
radical R 2 . R 2 then decomposes into the radical Ri and a molecule Ms. 
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We thus have a chain process, since steps 2 and 3 can repeat over and 
over again. The chain is finally broken when the radicals combine to 
form a stable molecule by reaction 4. 

If we set up the equations giving the concentrations of the radicals in 
the steady state, we have, assuming long chains, 

l[Ri] = 0 = UMx] - WRiKMi] + URi] - fc4[Ri][Ri] (5) 

= 0 = fc2[Ri][MJ - UR 2 ] - A:4[Ri][R2] (6) 

Now the overall rate of decomposition of Mi is given by 

-~[Mi] = A::[Mi] + fe[Ri][M,] (7) 

If we solve equations 5 and 6 for Ri and substitute the result in equation 
7, we get 

i.e., the reaction is of the first order. Furthermore 

•^overall ~ 1/2 (E, + E2 + E,-- E,) 

so that, using the values of for the part reactions given above, we get 

■^overall ^ G2.fi kg~Cal. 

which is much below the strength of the C — C bond. 

It should be emphasized at this point that the prediction of a first-order 
overall rate is dependent on the assumption made regarding the method 
of termination of the reaction chains. The above scheme assumes that 
they end by radical recombination 

Ri -j- R2 — ^ M4 

and, as we have seen, this leads to a first-order rate. If, however, we were 
to assume as the chain-terminating reaction 

2Ri M 5 

the overall order would be 3/2, while 

2R2 — ► Me 

would give 1/2. The successful prediction of a first-order rate therefore 
depends on the arbitrary assumption that the reaction 


Ri “h R2 — ^ M4 
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is much faster than the other two possible radical recombination reactions. 
As we shall see later, this leads to serious difficulties in the application of 
the scheme to specific reactions. 

Mechanisms of this sort are, of course, highly speculative. Striking 
support for the fundamental idea of free-radical chain reactions was, 
however, immediately forthcoming. Frey (57) was able to start chains 
in butane at temperatures below its normal decomposition range by 
adding methyl radicals (from the decomposition of dimethyl mercury). 
Similarly, Allen and Sickman 184) showed that chain decomposition 
of acetaldehyde could be caused by methyl ladicals from the decomposition 
of azomethane. Leermakers (105) also produced sensitized chain decom- 
position of methyl ether at temperatures below 400°C. by photolyzing 
admixed acetone. All these observations prove that radicals can cause 
chain decomposition of a large number of organic substances. They do 
not, however, necessarily prove that such free-radical chain decomposition 
occurs in the normal pyrolysis of the substances concerned. 

Further evidence for the chain character of a number of decomposition 
reactions is furnished by the work of Staveley and Hinshelwood (188b, 
189, 190) and others (39, 55, 126, 194). They found that while large 
amounts of added nitric oxide would catalyze the reactions, small amounts 
caused some inhibition. They assume that the maximum inhibition cor- 
responds to the complete suppression of chains normally presenl, and thus 
calculate chain lengths of from two to fifteen for a number of decomposi- 
tion reactions. This is definite evidence for the presence of chains, but 
in most cases the chain lengths thus obtained are far too small to be in 
accord with the Rice-Herzfeld mechanisms. However, the assumption 
that maximum inhibition corresponds to a complete suppression of all 
chains is arbitrary, and makes the calculated chain lengths of somewhat 
doubtful significance. Recent work on some reactions (191, 191a) indicates 
that in certain cases there may be a few long chains rather than a large 
number of short ones, i.e., that the Rice-Herzfeld mechanisms may hold 
for a small fraction of the total reaction, the remainder of the substance 
decomposing by a molecular mechanism. 

It may therefore be concluded that, on the whole, the evidence of a 
general nature favors the free-radical theory. However, when the specific 
Rice-Herzfeld mechanisms for a number of reactions are tested the situa- 
tion is quite different. Up to the present three methods have been used 
for this purpose: (a) The stationary hydrogen-atom concentration during 
a decomposition reaction is measured and compared with the value cal- 
culated from the theory (135, 136, 137, 138, 174, 175). (6) The activation 
energy of one of the part reactions in the Rice-Herzfeld scheme is deter- 
mined in an independent way (196, 226). (c) Deutero-compounds are 
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used as indicators of the mechanism (193). All these methods seem to 
indicate that the Rice Herzfeld mechanisms are untenable. 

The status of the free-radical theory of decomposition reactions thus 
seems at the moment to be an open question. In a general way the theory 
serves to correlate an enormous number of facts, and it has pointed the 
way to a great deal of fruitful work. When examined closely, however, 
it seems to fail in almost every case. The most reasonable conclusion 
seems to be that the theory is in part correct, but that its present form is 
incomplete and too broad. We shall examine the evidence for and against 
its applicability in specific cases in later sections. 

Numerous other suggestions have been made to explain hov/ a molecule 
may split so as to give rise to several different products. Thus it has been 
suggested (85) that the decomposition of a paraffin might proceed by 

RCH2CH3 RH + CHsCH— 

CH3CH== CH2=-CH2 

i.e., an initial split to give an alkylidene radical which rearranges prac- 
tically instantaneously to an olefin. In this case, if the second reaction 
were fast enough, the process would be indistinguishable from a direct 
split into stable molecules. 

C. Photochemical and atomic reactions 

From the foregoing discussion it follows that a knowledge of the “ele- 
mentary” reactions of the hydrocarbons is of special importance in any 
attempt to unravel the kinetics of their thermal reactions. Independent 
methods of obtaining information concerning the reactions of radicals 
will thus be of the greatest importance. Information of this sort may 
often be obtained from photochemical investigations. Indeed the reactions 
of atoms and radicals really constitute the connecting link between thermal 
and photochemical kinetics. The activation mechanism is, of course, 
quite different in the two types of reaction, involving activation by col- 
lision in the one case, and absorption by the chromophoric group in the 
other. However, once the primary step has occurred, the subsequent 
stages of a photochemical process are thermal reactions, and these often 
involve atoms and radicals. 

In the following sections, therefore, we shall discuss the photodecom- 
positioi) of the hydrocarbons. Unfortunately very little information is 
available, since the simple hydrocarbons are transparent down to the 
extreme ultra-violet, and the diflSculties involved in working in the Schu- 
mann region have deterred most investigators. Most of the photochemical 
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work has, on this account, been done by photosensitization with mercury 
vapor. In work of this sort mercury vapor is mixed with the reactant 
gas and the mixture is illuminated with the mercury resonance line at 
2537 A.U. This is absorbed by the mercury vapor in the system, normal 
mercury atoms being raised to the 2®Fi level. This lies 4.8 volts or 112 
kg-cal. above the ground state. Such excited mercury atoms may then 
transfer their energy by collision to other molecules. If such transfer 
takes place efficiently, a wide variety of reactions is possible (28, 209, 213, 
214, 216), since 112 kg-cal. is greater than the activation energy of almost 
all chemical reactions. 

The mercury photosensitization method is especially important, since 
Taylor and his coworkers have shown that it allows us to investigate reac- 
tions involving hydrogen atoms. In the presence of hydrogen and a react 
ing substance we have 


Hg(li5o) 4- hv ^ Hg(2»Pj) 

(1) 

Hg(2’Pi) + Hg(lVSo) + 2H 

(2)1 

H + X — ^ products 

(3) 

2H + (a ttiird body) — » H 2 

(4) 


Under these circumstances a stationary concentration of hydrogen atoms 
exists, and, knowing the rates of reactions 1, 2, and 4, we can calculate the 
velocity constant of reaction 3 (2, 52, 186). The method is of wide 
applicability, although the results are not always easy to interpret. 

The reactions of hydrogen atoms can also be investigated in a much more 
direct way, although not under as wide a variety of experimental condi- 
tions, by the Wood-Bonhoeffer method. It was first shown by Wood 
(236) that it was possible under certain circumstances to pump hydrogen 
atoms out of a hydrogen discharge tube in large quantities, and to carry 
them for considerable distances before recombination occurred. The 
method was adapted to the investigation of hydrogen atom reactions by 
Bonhoeffer (20, 21), and a large number of reactions have been investi- 
gated in this way (61). 

We shall now proceed to a detailed examination of the available kinetic 
data for each of the simple hydrocarbons. 

^ Recent work (13, 172) makes it appear probable that reaction 2 should be 
Hg(2^F0 + H* HgH + H 

This introduces a numerical change into calculations of the hydrogen-atom concen- 
tration, but does not affect general considerations about the process. 
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II. THE PARAFFINS 

A, Methane 

1. The thermal decomposition 

A very thorough discussion of the older work, of pyrolytic investigations, 
and of investigations of the equilibrium 

CH 4 C + 2 H 2 
has been given by Egloff (40). 

The first investigations of much kinetic importance were made by 
Holliday and his coworkers. Holliday and Exell (75) investigated the 
decomposition of methane in silica bulbs at temperatures from 800° to 
1100°C. They found that the first 60 per cent of the methane present 
decomposed regularly, and that a ^ 'false equilibrium” was then reached 
which had no relation to the true equilibrium 

2 CH 4 C 2 H 2 + 3 H 2 

They found that hydrogen had a pronounced retarding effect upon the 
reaction, so that their false equilibrium was presumably merely a pro- 
nounced slowing down of the reaction by the hydrogen formed in it. 
This phenomenon had been previously noted by Cantelo (27). The reac- 
tion was not sensitive to the condition of the surface, inasmuch as the 
same general results were obtained in clean and in carbon-coated silica 
bulbs and in porcelain. Holliday and Gooderham (76) made exhaustive 
tests of the homogeneity of the reaction. They assumed that the initial 
step was 

2 CH 4 C 2 H 2 + 3 H 2 - 91,000 cal. 

As Kassel has pointed out (86), their arguments in favor of this mechanism 
seem to be quite irrelevant. There is little in favor of it, and it is ruled 
out in any case, since it would require the activation energy of the reaction 
to be greater than 91,000 cal. ; this is contrary to the facts. 

In a thorough investigation Kassel found the reaction to be homogeneous 
and of the first order at from 1.3 to 29.6 cm. initial pressure, and he con- 
firmed the strong retardation by hydrogen. According to his measure- 
ments the initial rate can be expressed by 

fc = 1.0 X 10^2 g-79.886/«r gec.-i 

with an uncertainty in the activation energy of perhaps 6000 cal. The 
rate in the later stages of the reaction was found to be approximately 
proportional to the square of the methane concentration and inversely 
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proportional to the cube of the hydrogen concentration. He suggests 
as possible initial steps (the numbering is his) : 

CH 4 CHa + H - 125,000 cal. ( 2 ) 

CH4 CH2 + Hj - 47,000 cal. (3) 

The experimental value of E strongly favors reaction 3 as the primary step. 
In the early stages of the reaction the only possible reaction of the methy- 
lene radical is 


CH2 + CH4 C2H6 ^ 36,000 cal. (4) 

and at these high temperatures ethane will decompose rapidly 

C 2 H 6 C 2 H 4 + H 2 - 30,000 cal. (5) 

At the low partial pressures of ethylene which would prevail here poly- 
merization would not be important, so that as possible reactions of ethylene 
we have 


C 2 II 4 — ^ C 2 H 2 "t- H 2 — 48,000 cal. ( 6 ) 

C2H4 2 CH 2 - 53,000 cal. (7) 

C 2 H 4 + CH 4 CsHg + 17,000 cal. ( 8 ) 

Reaction 6 is probably the only one of these which is important. Acety- 

lene may also be assumed to dissociate as follows: 

C 2 H 2 2C + H 2 (12) 


Using this scheme we get for the initial stages of the reaction approxi- 
mately 


[CH4] = 2fc,[CH4] 
df 

i.e., the reaction is of the first order. After a certain amount of hydrogen 
has accumulated we get 

d rpvTj "j 2 Aj8 A:4 A/6 Aji2 [CH4] 

where the r^s signify the velocity constants of the reverse reactions. 

The above equation is in excellent agreement with KasseFs results. In 
support of this mechanism Storch (199) showed that the earliest product 
which could be detected was ethane. This was done by decomposing 
methane on a carbon filament at low pressures in a bulb cooled in liquid 
nitrogen. Storch (200) has also discussed in detail the results of a number 
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of investigators who used flow methods to investigate the pyrolysis of 
methane. Where necessary he makes reasonable assumptions about 
dimensions of reaction vessels, etc., in order to calculate velocity constants 
from their data. He concludes that Kassebs mechanism fits the data to 
within a factor of 2, which is all that can be expected considering uncer- 
tainties in temperature, etc. The experiments thus considered were as 
follows: 


AUTHORS 

TEMPERATURE 
RANGE IN ®G. 

Rudder and Biedermann (173) 

900-1500 

Wheeler and Wood (234) 

1050 

Stanley and Nash (188) 

1100-1150 

Smith, Grandone, and Rail (187) 

1200 

Fischer and Pichler (53) 

1260-1600 

Storch and Golden (203) 

1500 


For a discussion of the sources of error in these measurements, etc., Storch^s 
paper should be consulted. 

The velocity constants referred to above are, of course, for the total 
conversion of methane. Storch also concludes that the conversion of 
methane to (C2H2 + C2H4) can be formally represented as a unimolecular 
reaction with an activation energy of 64,000 cal., i.e., 

(per cent conversion to C2Hx) (partial pressure of CH4) — constant 

at any temperature. Whatever the explanation of this result may be, 
combining Storch^s equation with that of Kassel enables one to predict the 
rate of formation of any given product over the whole temperature range. 

The decomposition of methane at very high temperatures has been in- 
vestigated by Tropsch and Egloff (227). 

2. Free radicals and the decomposition of methane 

Rice and Dooley (158, 161) investigated the primary process in the de- 
composition of methane by the free-radical technique. Using tellurium 
mirrors, they found that CHaTe-TeCHa was formed and not (CH 2 Te)n, 
and so concluded that the primary process involved methyl rather than 
methylene radicals. The activation energy of the split into free radicals 
was found to be 100 db 6 kg-cal. Belchetz and Rideal (7, 8) passed 
methane rapidly over a hot filament at low pressures, and then onto a cold 
target about one mean free path away. Radicals were detected by their 
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reactions with mirrors, iodine, etc. Contrary to the findings of Rice and 
Dooley, they conclude that the primary step is 


rather than 


CH4 CH2 + H2 


CH 4 CHa + H 


They found no evidence of the presence of methyl radicals, although this, 
of course, does not preclude their appearance under other experimental 
conditions. They point out that metallic methyl compounds may be 
easily formed by reduction, and hence Rice's technique might lead to false 
conclusions, since telluroformaldehyde is ver}’^ easily reduced to dimethyl 
telluride. The activation energy of the split into methylene and hydrogen 
was found to be 95 kg-cal., in substantial agreement with the activation 
energy found by Rice and Dooley. 

If we accept Rice and Dooley^s detection of the methyl radical as valid, 
then, as they point out, there are two opposing mechanisms for its for- 
mation: 


CH 4 CHa + H 

H + CHa - Ha + CH, J ^foley 

CH4-»CHa + Ha 
CHa + CH 4 2CHa 
CHa + CH 4 CaH« 


I Belchetz 
and 
Rideal 


( 1 ) 

(3) 

( 2 ) 

(4) 

(5) 


If reaction 2 is the correct primary step, rather than reaction 1, then either 
reaction 4 or reaction 6 must have an activation energy less than 12 kg-cal. 
to account for the absence of methylene radicals at the mirror in the ex- 
periments of Rice and Dooley. They consider this to be much too low, 
and hence they favor reaction 1 as the primary step. No hydrogen tellu- 
ride is formed in their experiments, as would be the case if hydrogen 
atoms reached the tellurium mirror. They therefore conclude that hy- 
drogen atoms must disappear from the system rapidly by wall recombina- 
tion or by reaction 3. 

Assuming a chain reaction due to methyl radicals as postulated above, 
Kassel (88) has shown that it would be necessary for [H] to be 10^ times 
greater than [CHa]. It does not seem possible that such a factor could be 
overcome by wall recombination of hydrogen atoms to such an extent 
that they do not reach the mirror in appreciable quantities. Hence Kassel 
rules out reaction 1 as the initial step. Further, since the methylene 
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radical was not identified by the Rice technique in the diazomethane 
decomposition, there is no reason to expect it to be found here even if the 
primary step is reaction 2 . He concludes that reaction 5 is probably fast 
enough to keep the concentration of methylene radicals down to a very 
low value. 

In connection with the discussion of the mechanism of the primary 
reaction, it may be noted that Mecke (121, 122) has suggested that the 
second hydrogen atom in methane may be much more weakly bound than 
the first. 

Recent calculations by Voge, however, lead to the values (229a) 

CH 4 CH3 + H - 113,000 cal. 

CHa CH 2 + H - 94,000 cal. 

whence 

CH 4 CH 2 + H 2 - 104,000 cal. 

If we eliminate the zero-point energy correction so as to get chemical 
heats of reaction, and correct the results to bring them into line with a 
more recent and reliable estimate of the heat of sublimation of graphite 
(70a), Vogels values become 

CH 4 CH 3 -t- H - 99,000 cal. 

CHg CH 2 + H - 84,000 cal. 

CH 4 CH 2 + H 2 - 80,000 cal. 

This would make the latter reaction just possible as the rate-determining 
step in the methane decomposition. 

3. The photodecomposition of methane 

Bonhoeffer (22) has discussed the photodecomposition of methane on 
the basis of the spectroscopic observations of Leifson (106) and Scheibe 
(177, 178, 179). Methane is transparent down to the Schumann region, 
and hence no photodecomposition can occur above this (214). Diffuse 
bands appear in the neighborhood of 1600 A.U., for which he suggests that 
the primary process is 

CH4 CHs + H 

with the possible secondary reactions 

2CH8 CaHc 


CHg -f H CH4 
2H H2 


(a) 

(b) 

(c) 
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We would expect reaction b to be important, and hence the quantum jrield 
to be low for the overall reaction 

2CH4 C2H6 + H2 

The results of two direct investigations of the photodecomposition 
have recently been described in brief notes. Leighton and Steiner (107) 
find that methane is decomposed by light from a hydrogen lamp near the 
limit of fluorite. Considerable hydrogen and unsaturated hydrocarbons 
are formed in the approximate mole ratio of 4 to 1, and the quantum yield 
is approximately unity. The formation of unsaturates can, of course, be 
easily accounted for if we assume 

CH4 + hv‘-^ CH2 + H2 
2CH2 C2H4 

The high ratio of hydrogen to unsaturates, however, indicates that this 
cannot be the only process involved. 

Groth and Laudenklos (66) used a Harteck xenon lamp as a source. 
This has strong lines at 1469 A.U. and 1295 A.U. They found that a 
30-mm. layer of methane at a pressure of 1 atm. absorbed to the extent 
of 13 per cent at 1469 A.U. and completely at 1295 A.U. The products of 
the reaction were found to be mainly hydrogen and acetylene, with some 
ethane and traces of ethylene and Ca to Cs hydrocarbons. The quantum 
yield was 1.30 per mole of hydrogen formed. Their results are thus in 
excellent general agreement with those of Leighton and Steiner, and they 
suggest a somewhat similar mechanism, viz., 

CH4 + hp-^CRs + ll 
CHs + H CH2 + H2 

2CH2 C2H2 + H2 

In any case it appears that Bonhoeffer^s suggested mechanism is not valid. 

In the past all observations indicated (90, 214, 219) that methane is 
stable in the presence of mercury atoms excited by resonance radiation, 
and hence that the mercury-photosensitized decomposition of methane 
could not be investigated. Recently, however, Morikawa, Benedict, 
and Taylor (129) have shown that the reaction 

Hg* + CH4 CHs + H + Hg 

has a low activation energy. This question is discussed in detail in the 
following section. 

In an electrical discharge methane is decomposed into a variety of 
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products. Spectroscopic examination of the discharge shows (150) that 
at least a part of the methane undergoes all the possible dehydrogenation 
steps, yielding CH3, CH2, CH, and C. These then recombine in various 
ways to give a variety of products. 

4. The reaction of hydrogen atoms with methane 

The reactions of various hydrocarbons with hydrogen atoms were in- 
vestigated by Bonhoeffer and Harteck (23). They pointed out that since 
from an energetic standpoint both C — C and C — H bonds can be broken 
in a hydrogen atom reaction (except, of course, in the case of methane), 
we have in general three possibilities: 

(a) Dehydrogenation, e.g., 

C2H6 + H C2H6 + H2 

(5) Chain breaking, e.g,, 

C2H6 + H CH4 + CH3 

(c) Hydrogenation, e.g., 

CHs + H CH4 

Reaction c may occur at the wall or by dreierstoss, and in the case of com- 
plex radicals it can probably occur also in two-body collisions, the multi- 
plicity of energy levels removing the dreierstoss restriction. If reactions 
a and c occur simultaneously, we may have nothing more than a ^^catalytic'' 
recombination of hydrogen atoms. Bonhoeffer and Harteck found that 
methane was surprisingly stable, and they could detect no reaction with 
hydrogen atoms produced by the discharge tube method, although it might 
have been expected that the reaction 

H + CH 4 CHs + H 2 

would occur. 

These results were confirmed by von Wartenberg and Schultze (231). 
They also found that no appreciable heat was developed on mixing hydro- 
gen atoms and methane (apart from the normal amount due to the re- 
combination of the atoms). Further confirmation of the inertness of 
methane was furmshed by the work of Chadwell and Titani (29). 

Geib and Harteck investigated the process over a range of temperatures 
and showed that no reaction occurred up to 183°C. (63). They therefore 
concluded that the reaction 


CH4 + H CHs + Hj 
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has an activation energy of at least 17 kg-cal. It might be suggested 
that this reaction really occurs readily, but that the back reaction 

CHa + H + M -> CH4 + M 

proceeds more rapidly than other possible reactions of the methyl radical 
such as 

2 CHs CjHe 

so that methane is reformed as fast as it is used up. Geib and Harteck 
ruled out such a suggestion on the grounds that (a) it is exceedingly un- 
likely that no other secondary reactions of the methyl radical should 
occur, and ( 6 ) the presence of methane causes no appreciable alteration 
in the hydrogen-atom concentration, whereas the above mechanism would 
involve the consumption of hydrogen atoms by both the forward and the 
reverse reactions. 

This second objection could be overcome, however, by assuming the 
secondary reaction to be 

CHa + H2 CH4 + H 

and thus regenerating the hydrogen atoms lost in the primary step. The 
activation energy of this reaction has been estimated to be about 8 kg-cal. 
by von Hartel and Polanyi (230). They investigated the reaction of 
sodium vapor with methyl chloride, using hydrogen as a carrier gas for 
the sodium. A certain amount of methane is formed under these condi- 
tions, presumably by 

Na + CHsCl -> NaCl + CH 3 
CHs + H 2 CH 4 + H 

By using the hydrogen consumption as a measure of the latter step, they 
estimated its activation energy. The result is not very certain, however, 
since they were not really very sure of the exact mechanism of the forma- 
tion of methane, and there is also a possibility of an alteration in the con- 
centration of methyl radicals with increased temperature, owing to other 
secondary reactions. Further information about this reaction was ob- 
tained by Sickman and Rice (185). In an investigation of the effect of 
foreign gases on the azomethane decomposition they found that hydrogen 
is not an ‘%ert gas,^^ while deuterium is. They conclude that this is due 
to the occurrence of the processes 

CtU + B.2-^ CH4 + H 

H + azomethane products 


( 1 ) 

( 2 ) 
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Either process 1 or process 2 must be slower for deuterium than for 
hydrogen, presumably process 1, since there would be no zero-point energy 
difference for process 2 other than that of the activated complex. Their 
results indicate, then, that reaction 1 is appreciable around 300®C. On 
the other hand Leermakers (104) concluded that the companion reaction 

C 2 H 6 + H 2 -> C 2 H 6 + H 

was not detectable at 275°C., indicating an activation energy greater 
than 15 kg-cal. There is thus considerable uncertainty about reaction 1, 
but it seems to be the consensus of opinion that von Hartel and Polanyi^s 
estimate of the activation energy is much too low. Patat (135) investi- 
gated the concentration of methyl radicals and hydrogen atoms present 
during the photodecomposition of acetaldehyde. He found that in order 
to get agreement with von Hartel and Polanyi^s experimental value of the 
activation energy of reaction 1 it was necessary to assume the very unlikely 
value of 10“^ for the steric factor. If the steric factor is taken as unity, 
a value of 20 kg-cal. is obtained for the activation energy of the reaction. 
In order to get the best agreement with free-radical mechanisms, Rice 
(158) arbitrarily puts Ei equal to 23 kg-cal. He points out that if von 
Hartel and Polan 3 d^s estimate of 8 kg-cal. were correct, it should be im- 
possible to get appreciable quantities of methyl radicals in the presence of 
hydrogen, while in fact it is possible to do so. However, it seems almost 
certain that Rice’s estimate is too high. Paneth, Hofeditz, and Wunsch 
(134a) investigated the rate of recombination of methyl radicals, using 
both hydrogen and helium as carrier gases. They found that the loss of 
methyl radicals was more rapid in hydrogen than in helium, even at room 
temperature. Under these conditions methane is formed, and it appears 
certain that this is due to the occurrence of reaction 1. Their data indicate 
that the activation energy of the reaction is about 15 kg-cal. 

In view of these uncertainties, it follows that Geib and Harteck’s argu- 
ments are not entirely conclusive. As will be seen from the following dis- 
cussion, however, the investigation of the reaction of deuterium atoms with 
methane proves conclusively that methane is not broken up and reformed, 
but is really inert to atomic hydrogen. 

The first investigation of the deuterium atom reaction was made by 
Taylor, Morikawa, and Benedict (217), the atoms being produced by 
photosensitization with mercury, and the resulting deuteromethanes 
detected by infra-red spectroscopy. They reported considerable reaction 
from 40®C. to 300®C., and concluded that the activation energy of the 
process was very low, of the order of 5 kg-cal. The paper was only a 
preliminary note, and their more complete results, referred to later, do 
not confirm their previous conclusions. 
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Geib and Steacie (64, 65) investigated the same reaction by the Wood-- 
Bonhoeffer method. They found no detectable reaction of deuterium 
atoms with methane up to lOO^C., indicating that the activation energy 
of the exchange reaction is not less than 11 kg-cal., in contrast to the above 
results. Their investigation indicates that the reaction concerned is prob- 
ably the analogue of the ortho -para hydrogen conversion, viz., 

CH4 + D CH3D + H (3) 

rather than 

CH4 + D CH, + HD (4) 

In any case a lower limit of 11 kg-cal. is set for both reactions. Subse- 
quent work (192j furnishes further confirmation of the absence of a reaction 
between deuterium atoms produced by a discharge and methane at low 
temperatures. 

A few preliminary experiments on the thermal exchange reaction between 
deuterium and methane at temperatures in the neighborhood of 1000°K. 
have been made by Farkas (50). His results show that the thermal reac- 
tion proceeds by an atomic mechanism, similar to the ortho- para hydrogen 
conversion, viz., 

D2^ 2D 

D + CH4 CH3D + H 

While the temperature coefficient of the reaction was not determined, 
an activation energy of about 11 to 12 kg-cal. was indicated. 

The mercury-photosensitized reaction was reinvestigated at room tem- 
perature by Steacie and Phillips (196), who found an activation energy 
of 11.7 kg-cal. (assuming a steric factor of 0.1), in good agreement with 
the results of other methods. The reaction was also investigated by Far- 
kas and Melville (51) over a wide range of temperature, and they found an 
activation energy of 13 kg-cal. In their investigation the atom concen- 
tration was determined by using ortho-deuterium-methane mixtures and 
measuring the rate of the ortho-para conversion as well a^ the exchange. 
They concluded, as did Steacie and Phillips, that the reaction occurring 
was reaction 3. They found, however, that at high temperatures the 
deuterium-atom concentration fell off greatly, and they suggest that the 
atom-consuming step is reaction 4. If this is the case, we would expect a 
small amount of ethane formation to accompany the exchange reaction. 

In a recent paper Morikawa, Benedict, and Taylor (129) report a further 
investigation of the mercury-photosensitized reaction. From the collision 
yield at 100®C. they calculate for reaction 3 an activation energy of 12.6 
to 14 kg-cal., in satisfactory agreement with the results of Steacie and 
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Phillips and of Farkas and Melville. The experimental value of the tem- 
perature coefficient in the range 100-200®C. is very low, however, and they 
conclude that the mechanism is not that postulated by these authors. 
They suggest that the reaction is largely 

Hg* + CH 4 CHs + H + Hg {E = 4.5 kg-cal.) 

followed by a rapid exchange of the methyl radical, probably through the 
formation and decomposition of a quasi-molecule, 

CHa 4 - D CHaD* CH 2 D + H 

The fact that some ethane formation occurs is cited as evidence for this 
mechanism. They summarize the possible processes as : 

(а) Primary processes: 

Hg+ hv-^Rg* 

Hg* + D 2 Hg + 2D 
Hg* + CH 4 Hg + CHa + H 

(б) Secondary processes at low temperatures: 

D + D D 2 (wall or third body) 

CHa + H » CH 3 D (wall or third body) 

CHa + D CH2D + H {E <b kg-cal ) 

CHa + CHa C 2 H 6 

(c) Secondary processes at higher temperatures: 

CHa + D 2 CHaD + D {E = 11 kg-cal.) 

CRa+ R CHa + HD (E ^ 15 kg-cal.) 

CHa + CD4 CHaD + CDa {E = 11 to 15 kg-cal.) 

together with later condensation and decomposition reactions. They 
discuss in detail the justification of these steps, and conclude that one 
cannot obtain much information about reaction 3 by the photosensitization 
method. 

It seems to the writer, however, that the loss of hydrogen atoms at high 
temperatures found by Farkas and Melville is a sufficient explanation 
of the low temperature coefficient of the reaction, and that it is not neces- 
sary to postulate such a complicated series of processes. If one accepts 
this explanation, then the results of Morikawa, Benedict, and Taylor 
give an activation energy for the exchange reaction in good agreement 
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with the values of other investigators. It should be emphasized that the 
disagreement is primarily one of mechanism, not of experimental fact. 
There is, however, a considerable discrepancy in the quantum yields of the 
exchange reaction obtained by Farkas and Melville and byMorikawa, 
Benedict, and Taylor. 

Further investigations of the reaction with deuterium atoms produced 
by the Wood-Bonhoeffer method have also been made by Trenner, Mori- 
kawa, and Taylor (226) and by Steacie (192). Steacie investigated the 
reaction up to 500°C. and obtained an activation energy of 12.9 ± 2 
kg-cal., the values calculated from the temperature coefficient and from 
the collision yield being in good agreement. 

Trenner, Morikawa, and Taylor by the same method found no reaction 
from 25°C, to 208°C., from which they calculate a minimum activation 
energy of 15.6 kg-cal. with a steric factor of 0.1. From a single run at 
310°C. they calculate the activation energy to be 18 kg-cal. These 
values are higher than those obtained by other workers. The discrepancy 
is partly due to the fact that they assume that the process under investi- 
gation is reaction 4, followed by a rapid exchange of the methyl radical. 
Hence to get the rate of the initial step they divide the observed rate by 3, 
If we assume a direct exchange (i.e., reaction 3), this division by 3 should 
not be performed, and their activation energy would be lowered by about 
1 kg-cal. They obtained the deuterium-atom concentration in their ex- 
periments by comparison with the reaction 

H 4- Da HD -f H 

As far as one can tell from their paper, this comparison was made only 
at room temperature (although this is not certain). If this is the case their 
deuterium-atom concentration at higher temperatures would probably be 
somewhat lower than that assumed, and this would further lower the 
activation energ}^ It appears, therefore, that the discrepancy between 
their results and those of others is not large, and is mainly one of inter- 
pretation. 

While there is thus some uncertainty about the exchange reaction, the 
main body of evidence favors an activation energy of about 12 to 13 
kg-cal. for the reaction 

CH4 + D CH3D + H 
It may also be concluded that the reactions 

CH4 + D CHs + HD 
and 

CH4 + H CHs + H2 
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have activation energies greater than this. In an excellent recent review of 
atomic reactions, Geib (61) points out that further evidence of the stability 
of methane to attack by hydrogen atoms is furnished by the fact that 
methane is obtained as an end product in many reactions of hydrogen 
atoms. 


B. Ethane 

1. The thermal decomposition 

The first paper on tlie decomposition of ethane which contained any 
data other than purely pyrolytic was that of Pease (140). He made a 
preliminary investigation of the reaction at 650°C. by the flow method and 
concluded that the reaction was homogeneous and probably of the first 
order, and that it went smoothly according to the equation 

C 2 H 6 C 2 H 4 + H 2 

The addition of hydrogen was found to have no effect on the rate of the 
reaction or upon the products. A brief investigation of the reaction by the 
static method at 575°C. by Frey and Smith (59) gave results in excellent 
agreement with those of Pease. Neither of these investigations, however, 
was very detailed. 

The first thorough investigation from a kinetic standpoint was that of 
Marek and McCluer (118), who used a flow method. They concluded 
that the reaction was homogeneous and of the first order, the rate being 
given by 


1 7 1 K 1 o 15,970 _i 

log k = 15.12 — — ^ ~ sec. 

after correcting for the reverse reaction. This corresponds to an activa- 
tion energy of 73,200 cal. The main source of uncertainty in their work 
was the temperature of the reaction vessel, which was by no means uniform. 
Their value of the activation energy is therefore probably uncertain to 
± 5000 cal. Their results have been recalculated by Paul and Marek 
(139), who conclude that they are better expressed by the equation 

^ 1 ^anc 77,700 .^1 

login k = 16.06 - 2 j^ 

A more thorough investigation of the kinetics of the process was made 
by Sachsse (174), who used the static method and followed the reaction 
by the change in pressure. He worked at temperatures from 856° to 910°K. 
and at pressures from 5 to 500 mm. The velocity constants were found 



KINETICS OF REACTIONS OF HYDROCARBONS 


335 


to fall off with diminishing pressure in the customary way for a first-order 
reaction. His results for the high-pressure rates of reaction are given by 


logioAr = 14.1 


69,800 

2 , 3 RT 


sec. 


He found that, in addition to ethylene and hydrogen, a certain amount 
of condensable products was formed, the amount increasing with the 
pressure. 

The reaction has recently been reinvestigated by Storch and Kassel 
(203a). They find that in addition to the dehydrogenation reaction 

CaHfl C2H4 + H2 

there is also methane and propylene production, which can be stoichio- 
metrically represented by the equations 

C2H6-^CB[4+ ^C2H4 
C2H6 + C2H4 CH4 + CaHe 

Butane may be an intermediate product for the latter reaction, but their 
experiments provide no direct test of this. However, Frey and Hepp 
(58a) showed that the analogous reactions 

C2H4+ C 8 H 8 -^C 5 Hi 2 
C2H4 + C 3 H 8 -^CH 4 + C4H8 

both occurred readily, the former being two to three times more frequent. 
Storch and Kassel therefore conclude that by analogy part of the methane 
and propylene found in their work is a product of the butane decom- 
position. They calculate their rate constants on this basis, using Paul and 
Marek\s values for the rate of the butane decomposition. They thus 
obtain the values of the rate constants 

(ki) C2H6 -- CH4 + I C2H4 

(W C2H6 + C2H4 C4H10 

given in table lA. For the initial rate of the dehydrogenation reaction 

C2H8 C2H4 + H2 

at 565°C. they thus obtained the velocity constants given in table IB, 
Obviously the reaction is definitely of the first order. The agreement 
with Marek and McCluer^s calculated velocity constant at 565®C., 11.6 X 
10"“*^ sec.~^, is not good. Paul and Marek’s recalculation of Marek and 
McCluer^s data gives 6.2 X 10-® 8ec.~^ in excellent agreement with Storch 
and Kasseks result. Sachsse^s value, 10 X 10“''^ sec.~^ is not in very good 
agreement. 
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Dinzes, Zharkova, Zherko, and Frost (33c), who investigated the reac- 
tion at 635°C. and high pressures (1 to 26 atm.)> also found that methane 
was produced. Tiiey suggested this was due to a concurrent reaction 

2C2H6 2CH4 + C2H4 

the influence of which increased with increasing pressure, as would be 
expected for a second-order reaction occurring simultaneously with one 
of the first order. 

Since the rate of the reverse reaction 


C2H4 + H2 C2H6 


has been measured by Pease (144), it is possible to calculate the equilibrium 
constant for the reaction and compare it with the expeiimental value. 

TABLE lA 

Slorch and KasseVs values of ki and 


TEMPERATURE 

ki j 

kj 

“C. 





sec 




sec.'i mm.~^ 

541 

2 

62 

X 

10-7] 


1 

85 

X 

io-»i 


665 

600 

1 

6 

00 

.14 

X 

X 

io-«l 

10-«| 

! 

> El = 76,400 cal 

6, 

3 

.28 

31 

X 

X 

10- * 
10-’ 

1 Et = 69,000 cal. 

660 

6 

44 

X 

10-»J 


2 

83 

X 

10-«j 



TABLE IB 

The dehydrogenation of ethane at 566^0 (Storch and Kassel) 


INITIAL PRESSURE 

k 

INITIAL PBBBBURB 

k 

mm 

sec 

mm 

sec 

99.0 

9 2 X 10-*^ 

423 8 

6 6 X 10-» 

104 0 

7.9 

512 6 

6 0 

107 7 

7 7 

716 3 

5 5 

223 8 

6 0 

1093 4 

6 6 

224 1 

6 0 

1432 5 

6 6 

420 6 

6 6 

1617 0 

6.9 


Using Marek and McCluer’s rates for the ethane decomposition, we thus 
get for the equilibrium 

C 2 H 4 + H 2 P± CsH, 


logic if = 6.66 — 


30,020 

2.3RT 


The experimental value of Pease and Durgan (146) is 


logic if = 6.31 - 


31,244 

2.SRT 
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in excellent agreement with the calculated value. Had Sachsse^s values 
for the ethane decomposition been used in the calculation, the result would 
have been much the same in the range covered by experiment, since his 
absolute rates are in fair agreement with those of Marek and McCluer in 
spite of the considerable difference in the temperature coeflScient. Recent 
work by Storch and Kassel (203a) indicates that the situation is rather more 
complex. The question is discussed in detail in section III B. 

The thermal decomposition has also been investigated by a static method 
by Dinzes and Frost (30, 31, 32). Their main object was to check accu- 
rately the unimolecular character of the r^'action in the light of the Rice- 
Herzfeld chain theory. They followed the reaction by pressure change 
and by analysis at 678°C. and pressures from 1.7 to 22.3 mm. They 
found that the reaction did not follow the unimolecular equation well, the 
constants decreasing three or four times on going from 10 to 70 per cent 
decomposition. The course of an individual experiment could be ex- 
pressed accurately by the equation 

where x and t have the usual significance, and jS is a constant. From the 
complex character of the rate equation they conclude that the reaction is 
probably a chain process. It seems certain, however, that at 678°C. 
the ethylene formed in the reaction would undergo a series of further com- 
plex changes, and one would hardly expect a first-order equation to hold 
up to high percentage decompositions under the circumstances. Dinzes, 
Kvyatkovskii, Stepukhovich, and Frost (33b) cite as further evidence for 
the complexity of the reaction that it is inhibited by the addition of 
propylene but not by ethylene or butylene. 

The decomposition of ethane in sealed silica bulbs has also been investi- 
gated by Travers and his collaborators (222a, 223, 224, 225). They 
worked mainly with mixtures of ethane, ethylene, and hydrogen in order 
to eliminate the effect of the equilibrium, and thus study the formation of 
secondary products. Their results on the main decomposition process are 
very complex and are in complete disagreement with those of all other 
investigators. They conclude that there is a pronounced induction period, 
and that sharp breaks occur in curves representing the rate of formation 
of all the products concerned. They also find pronounced and complex 
surface effects, contrary to the findings of other workers. Travers (222, 
222b) concludes that the whole process is governed by the ^‘back-ground’^ 
reaction 


CaHe C2H4 + Ha 
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but that the rate-controlling step is the reaction 

C2H6 + C2H4 (C4H10) — > CH4 and condensation products 

It seems to the reviewer that little confidence can be placed in this work. 
The induction periods which they find are almost certainly due to the 
expeiimental technique, which consists of plunging a cold reaction vessel 
into a heated bath, and thus yields fictitious induction periods, which are 
really due to a lag in reaching temperature equilibrium. Further, the 
most striking thing about their results is the presence in every case of 
sharp breaks in curves representing the rate of formation of the various 
products. An examination of the analytical data, however, indicates that 
these breaks are also fictitious and are due to placing too much confidence 
in unchecked analytical results. 

Fischer and Pichler (54) have investigated the decomposition of ethane 
at temperatures up to 1400°C. They find that the percentage conversion 
and the products aie practically the same as those of ethylene at high 
temperatures. In other words, at high enough temperatiires ethane 
dehydrogenates instantaneously to ethylene, which then pyrolyzes in the 
ordinary way. 

2. The photodecomposition and the photosensitized decomposition 

As Bonhoeffer has pointed out (22), all we can do in connection with 
the direct photodecomposition is to make speculations on the basis of 
rather meager spectroscopic information. The absorption is probably by 
the C — H bond, but possibly some of the energy wanders to the C — C 
bond. He suggests that the main process would probably be 

C2H6 C2H6 + H 

C2H6 + H C2H4 + H2 

and that the primary split 

C2H6 2CH3 

would be expected to be followed largely by recombination to ethane. It 
seems to the writer that, by analogy with the photosensitized decom- 
position, the possibility of 


2C2H6 C4H10 

should not be overlooked. In any case this is all speculation at the moment, 
but the question should soon be settled, since a number of workers are 
now actively engaged in the photochemistry of the fluorite region. 

The mercury-photosensitized decomposition of ethane was first studied 
by Taylor and Hill (214). They observed that in ethylene-hydrogen 
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mixtures ethane and higher hydrocarbons were formed. After the pressure 
change accompanying this reaction was over, other changes occurred which 
led them to suspect that the ethane formed was being attacked both by 
hydrogen atoms and by excited mercury. They verified this, and sug- 
gested that radicals were undoubtedly involved in the process. Kemula 
(90) also showed that ethane could be decomposed by excited mercury 
atoms. 

A more thorough investigation of the photosensitized reaction was made 
by Kemula, Mrazek, and Tolloczko (94), following earlier work by 
Tolloczko (219). In their investigation the reaction mixture was circu- 
lated through a trap at — 80°C. to remove the products of higher molec- 
ular weight as fast as formed, and thus prevent secondary processes. 
(This is not a suflSciently low temperature to remove butane efficiently, 
and hence the prevention of secondary changes was only partially suc- 
cessful.) They found that the decrease in pressure as the reaction went 
on was accompanied by an exactly parallel increase in the volume of the 
liquid condensate. The rate was independent of the ethane pressure, but 
at high pressures a higher percentage of condensate was formed. The 
gaseous products consisted entirely of hydrogen and methane, the ratio of 
hydrogen to methane being considerably greater than unity and approach- 
ing infinity if the trap were kept at — 20®C. instead of — 80®C. The 
condensable products were analyzed by a rough fractional distillation, 
and were found to consist mainly of butane and octane, with a small 
amount of hexane and no propane or pentane. 

Tolloczko (219) had previously suggested that the mechanism of the 
process was 

2C2H« 2 C 2 H 6 + 2H -> C 4 H 10 + H 2 


C*H(, -h C4H10 C2H5 + C4H9 + 2H 


— ► C(jHi 4 -j“ H 2 , etc. 


This assumes only a C — rupture and leads obviously to hydrocarbons 
with an even number of carbon atoms only. It gives, however, no ex- 
planation of the formation of methane. Kemula, Mrazek, and Tolloczko 
therefore suggest 


C2He + Hg* 
CjHe* 

2 C 2 H 5 + M 
2H + M 
CJEIc + H 
CaH« + H 


C 2 H«* + Hg 
^ C2H5 + H 
C 4 H 10 + M 
H 2 + M 
Calls + H2 
CH3 + CH4 
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The higher hydrocarbons then result from secondary reactions of butane, 
etc. The fact that octane is the main higher product obviously suggests 
that the chief reaction of butane is 

C4H10 C4H9 + H 

2C4H9 + M CsHis + M 

The reaction has recently been reinvestigated by Steacie and Phillips 
(198). They found that by operating with the trap in the circulation 
system at a lower temperature it was possible to remove higher products 
more efficiently, and thus almost completely avoid the occurrence of 
secondary reactions. The quantum yield and the products obtained at 
various trapping temperatures as analyzed by low temperature distilla- 
tion are given in table 1C. 


TABLE 1C 


The mercury-photosensitized decomposition of ethane {Steacie and Phillips) 


TRAPPING 

TKMPSBATURIB 

QUANTUM 

YIELD 

PRODUCTS IN MOLE PER CENT 

Hs 

CH 4 

CiHs 

C4Hia 

Higher hydro- 
carbons as C» 

•c. 







-70 

0 13 

47 


0 0 

23 

1 14 

-70 

0 14 

43 

23 

0.0 

20 

14 

-100 

0 11 




25 

Present 

-108 

0 095 

19 6 

44 7 

0.0 

35 7 

Trace 

-115 

0 098 





None 

-116 

0 090 

6 1 

i 59 3 

<1 0 

34 6 

None 

-126 

0 16 

0 0 

69.5 

21 6 

19 0 

None 

-131 

0 18 

0.0 

68 8 

23 6 

17 7 

None 


The most striking thing about these results is that when the conditions 
are arranged so as to prevent secondary reactions the formation of hydrogen 
is entirely inhibited. It follows therefore that all the hydrogen formed 
in previous investigations has resulted from secondary reactions of higher 
hydrocarbons, and that hydrogen is not a product of the ethane decompo- 
sition itself. 

Furthermore, previous investigations reported no hydrocarbons with 
an odd number of carbon atoms (with the exception of methane), and 
previous mechanisms were formulated mainly for the purpose of explaining 
this. Table 1C shows, however, that propane is in reality an important 
product of the reaction. Previous mechanisms are therefore in need of 
revision. 
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Steacie and Phillips point out that the two most likely primary processes 
are: 


C2H6 + Hg( 2 «Pi) C2H5 + H + Hg(PSo) ( 1 ) 

C2Hfl + Hg( 23 Pi) 2CH3 + Hg(PSo) (2) 

i.e., a C — H or a C — C bond split. 

(a) The C — H bond split. If the primary reaction is reaction 1, the 
most likely fate of the hydrogen atoms produced would obviously be to 
react with ethane, 

H + C 2 H 6 CH 4 + CHs (3) 

H + C 2 H 6 C 2 H 6 + Ha (4) 

In order that this mechanism shall yield the products found experimentally 
it is necessary to assume that reaction 4 is slow compared to reaction 3, 
since the occurrence of reaction 4 to any appreciable extent would yield 
far too much butane relative to methane, and would also lead to the pro- 
duction of hydrogen contrary to the experimental findings. As pointed 
out in the next section, estimates of the relative rates of reactions 3 and 
4 are conflicting, but it is possible that the necessary conditions may be 
fulfilled. We may then assume reaction 3 to be followed by 


CHa + CaHe -> CH 4 + CaHs (5) 

CHa + CaHa CaHg (6) 

CHa + H CH 4 (7) 

2C2H6 C4H10 (8) 

yielding the experimentally found products. 


The main difficulty encountered by such a mechanism, however, is the 
necessity of explaining the absence of hydrogen in spite of the possibility 
of its formation by the reaction 

2H Ha (9) 

In other words, it must be shown that reaction 3 is fast enough to keep 
the hydrogen-atom concentration so low that reaction 9 does not occur to 
an appreciable extent. Steacie and Phillips calculate from the known 
rates of reactions 3 and 9 that this condition cannot be fulfilled, and there- 
fore rule out the C — H bond split as a possible primary process. 

(b) The C — C bond split. It appears from the above that the primary 
process must be a C — C bond split. Steacie and Phillips therefore assume 
a mechanism in which reaction 2 is followed by reactions 5, 6, and 8, 
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3 delding methane, propane, and butane as the products of the reaction. 
They explain the low quantum yield of the reaction as partly due to the 
inefficiency of reaction 2, and partly to the occurrence of the reaction 

2CH8 CaHfl (10) 

which regenerates ethane. (Davis, Jahn, and Burton (29a) conclude 
from an investigation of the photolysis of azomethane that reaction 10 is 
slow at ordinary temperatures, but the evidence for this statement is not 
very conclusive.) 

3. The reaction of ethane with hydrogen atoms 

Bonhoeffer and Harteck (23) and von Wartenberg and Schultze (231) 
found that luminescence occurs on mixing hydrogen atoms and ethane, 
bands due to CH and CC being observed. The major part of the ethane 
was recovered unchanged, however. The latter authors found that there 
was a considerable loss of gas in their experiments (up to 25 per cent), which 
might have been due to methane formed in the reaction, and which with 
their technique would have passed through the liquid-air trap and been 
lost. They suggested that the main process was 

CaHe + H C 2 H 5 + H 2 
C 2 H 6 + H + M --> C 2 H 6 + M 

Since a complex mixture of products is not formed, it is apparent that the 
emission of the CC and CH bands is due to the presence of only minute 
amounts of C 2 and CH produced by secondary reactions. If the main 
process went by dehydrogenation to C 2 and CH, it is unthinkable that 
these could be quantitatively hydrogenated back to ethane without the 
formation of appreciable amounts of other products. 

Chadwell and Titani (29), in the course of another investigation, also 
made two experiments with ethane and hydrogen atoms. They found 
that (1) 25 cc. of ethane gave 5 per cent methane, 1.4 per cent carbon 
dioxide, 1.6 per cent ethylene, and 150 cc. of ethane gave 3 per cent 
methane, 3 per cent carbon dioxide, and 1.7 per cent ethylene. The 
carbon dioxide obviously comes from a reaction involving the water or 
phosphoric acid used to poison the walls of the apparatus. They suggest 
that the gas lost in the investigation of von Wartenberg and Schultze was 
ethane, which passed the liquid-air trap, rather than methane. It is 
certainly to be expected that some ethane would be lost under the experi- 
mental conditions of von Wartenberg and Schultze. On the other hand, 
Kemula (90) found that some methane was produced in the reaction of 
ethane with hydrogen atoms produced by mercury photosensitization, 

Steacie and Phillips (196) investigated the reaction of deuterium atoms 
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with ethane, using the Wood-Bonhoeffer method. They found an activa- 
tion energy of 6.3 kg-cal. for the exchange reaction. They point out that 
there are three main possibilities for the mechanism of the reaction: 

/. Hydrogenation: 

CaHe + D CaHeD (a) 

CgHfiD + D CjH* + D2 (b) 

or 

CaHeD + D C2H5D + HD 

II . Dehydrogenation: 

CJIfl + D CaHs + HD (a) 

C2H6 + D ^ C2H5D (b) 

III. Exchange by metathesis: 

CaHe + D ^ CaHsD + H 

Mechanism III is probably the correct one for the reaction of deuterium 
atoms with methane as discussed above, and also for the reactions with 
water, ammonia, etc. However, since it regenerates one hydrogen atom 
for each one lost, it cannot account for the ^‘catalytic^^ destruction of 
hydrogen atoms by ethane. Furthermore the activation energy of the 
ethane-hydrogen atom reaction is so much lower than that of the others 
that it is apparent that a different mechanism exists. Mechanism I is 
very unlikely, since reaction la would have to occur at a triple collision 
(or else have a very low steric factor), and this would make the reaction 
far too slow to enable ethane to exert a strong catalytic effect on the re- 
combination of hydrogen atoms. Also, even if reaction la occurred 
sufficiently rapidly, the very unstable molecule C2H6D would have little 
chance of surviving long enough (10“*® sec.) to meet a deuterium atom and 
give Ib. Hence, in general, reaction la would be followed by 

CaHflD C2H6 + HD 
or 

CsHeD CaH4D + Ha 

which would make the whole process indistinguishable from reaction Ha, 
or else by 

CaHeD CaHftD + H 

which would give a result indistinguishable from mechanism III. 

Hence they conclude that mechanism II is the correct one, and that the 
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measured activation energy (6.3 kg-cal.) is that of reaction Ila. They 
therefore conclude that the companion reaction 

C 2 H 6 + H C 2 H 6 + Ha 

also has an activation energy of the same order of magnitude. This 
reaction is very important in connection with free-radical mechanisms, 
and the bearing of its activation energy on the mechanism of the thermal 
decomposition of ethane will be discussed in the next section. 

The reaction has recently been reinvestigated by the Wood-Bonhoeffer 
method by Trenner, Morikawa, and Taylor (226). Their results differ 
sharply from those of Steacie and Phillips. They conclude that at room 
temperature the main reaction is 

C 2 H 6 + D -> CH3 + CHaD {E = 7.2 kg-cal.) 

and that the exchange reaction is only appreciable at temperatures from 
100°C. up, with an activation energy of 11.4 kg-cal. In their experiments 
from 10 to 20 per cent of the ethane was found to be decomposed to 
methane. They made very thorough analyses of the products of the 
reaction, and determined the deuterium content of each product sepa- 
rately. The methane formed was found to be about 50 per cent deuterized, 
but the ethane was entirely light at temperatures below 100°C. They 
suggest that the methane is formed by 

CaHe + D CHa 4* CH 3 D 

CHa + D -> CHaD* CH 2 D H 

They rule out 

C 2 H 6 + !>--> CsHb + HD 
C 2 H 6 + D -> CHa + CH 2 D 

as the mechanism of methane formation, since Taylor and Hill (214) found 
that in the photosensitized hydrogenation of ethylene 

C2H4 CaHa CaHe 

without the formation of methane. (On the other hand, Klemenc and 
Patat (96) always obtained methane in the mercury-photosensitized hy- 
drogenation of ethylene.) 

Trenner, Morikawa, and Taylor suggest that above 100®C. the reaction 
also occurs by 

CaHe + D C 2 H 5 + HD 

as suggested by Steacie and Phillips. There is, however, a large dis- 
crepancy in the activation energy of this process between the two investi- 
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gations (6.3 and 11.4 kg-cal.). In Steacie and Phillips* investigation the 
separate products were not isolated, it being assumed from the work of 
Chadwell and Titani that the formation of methane was negligible. This, 
however, is not a sufficient explanation of the discrepancy, since to bring 
the results of the two investigations into line it would be necessary to 
assume that about 60 per cent of the total ethane present was split into 
methane at room temperature in Steacie and Phillips* work. In recent 
work, under conditions similar to those employed by Steacie and Phillips, 
Steacie (192a) has confirmed the production of methane. At room tem- 
perature, however, only about 10 per cent decomposition of ethane 
occurred, and it appears that further investigation is necessary to deter- 
mine the cause of the disagreement. 

The reaction of ethane with hydrogen atoms has also been investigated 
qualitatively by photosensitization with mercury (90, 213, 214). It has 
recently been reinvestigated by Steacie and Phillips (198) by the method 
described in section IIB(2). It is found that methane, propane, and 
butane are formed, but no higher hydrocarbons. Hydrogen is consumed. 
Thus in a typical experiment at a trapping temperature of — 125°C., the 
following stoichiometric equation expresses the results: 

ICaHe + O.5H2 -> I.34CH4 + O.I7C4H10 
(+ traces of CaHs). Steacie and Phillips suggest that the mechanism is 
Hg(2^P0 + H2 Hg(H5o) + 2H 
H + C2H6 ^ CH4 + CHa 
CHs + C2H6 CH4 + CaHs 

followed by various radical recombination reactions. The possibility 
of the occurrence of the reaction 

H + C 2 H 6 C 2 H 5 + H 2 

is not ruled out, since the quantum yield of the reaction is low, and if this 
were followed by 

C 2 H 6 + H CaHe 

the net stoichiometric result would be zero. 

4. Free radicals and the ethane decomposition 

As we have seen. Rice (156, 166) has suggested that virtually all organic 
compounds decompose by mechanisms which involve the intermediate 
formation of free radicals. From a free-radical point of view, the primary 
step in the ethane decomposition is still a matter of controversy. 
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Rice and Dooley (160) found that lead mirrors were removed by de- 
composing ethane at 850° to 950°C. By using standard mirrors, they 
measured the activation energy of the split into radicals and found a value 
of 79.5 kg-cal. for the assumed reaction 

CjHe 2CH8 

Belchetz and Rideal (8), on the other hand, found no evidence of radical 
formation, and concluded that the primary teaction was 

CsHe C2H4 + H2 

with an activation energy of 94.6 kg-cal. They suggest that it is possible 
that the reaction proceeds through the intermediate formation of ethylidene 
radicals 

C 2 H 6 CHaCH + H 2 

but if so they isomerize to ethylene so rapidly that they cannot be de- 
tected. There seems to be no doubt from Rice and Dooley’s work that 
radicals of some sort are formed. It is, of course, possible that they arise 
in secondary reactions, but the evidence seems on the whole to favor the 
assumption that at high temperatures the main process is a split into 
methyl radicals. 

Granting that the primary step at high temperatures is a split into 
methyl radicals, is not, however, a proof that the ordinary thermal de- 
composition of ethane at low temperatures involves free radicals. Also, 
as we have seen, if it is to be postulated that the decomposition proceeds 
by a free-radical mechanism, it is necessary to devise a mechanism which 
will lead to a first-order rate equation and to an activation energy in 
agreement with experiment. Rice and Herzfeld (162) suggested that the 
following mechanism would fulfil these conditions: 


Activation vnorgy 


CJI, 2CH, 

80 kg-cal. 

(1) 

CH, + C,H, CH« + C 2 H 6 

20 

(2) 

C,H6 CjHi + H 

49 

(3) 

H + C,H, Hs + CjHs 

17 

(4) 


Triple collision 

(5) 



Small 

6 ) 

or C,H, J 

H + CH,-> CH 4 

SmaU 

( 7 ) 

CH, + C,H, CJH, 

8 

( 8 ) 

2001 , -♦ COiio 

8 

( 9 ) 
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By virtue of reactions 3 and 4 reaction chains will occur, a large number 
of ethane molecules being decomposed for each primary act. The activa- 
tion energies allotted to the various steps are partially based on experi- 
mental data, qualitative or quantitative, and partially frankly assigned 
to agree with free-radical mechanisms. Assuming reactions 5, 7, 8, and 
9 to be negligible, we get from this scheme 

■^overall = i (Ei Ei — Ea) = 73 kg-cal. 

in agreement with the measurements of Marek and McCluer. Ei is the 
experimental value found by Rice and Dooley for the free-radical split, 
and Eq is probably very small, so that these two are fixed. E^ + E^j 
however, is merely adjusted to make the mechanism agree with experi- 
ment. 

For the overall rate of reaction the Rice-Herzfeld scheme leads to the 
expressions 

[C*H,] = klCJh] 
logfc = |log^‘ 

i.e., the reaction is of the first order, as found experimentally. Rice and 
Herzfeld evaluate the velocity constants of the separate steps by adopting 
the reasonable approximation that all first-order reactions have rate con- 
stants given roughly by 10^^ q-eirt gec."~S and all bimolecular constants 
are 10® liter mol.“^ sec.~^ On this basis they get for the overall 

decomposition 

logic h = 13.7 - 23 ^ 

in satisfactory agreement with the experimental equation of Marek and 
McCluer 

1 7 1 K 1 73,200 —1 

logic k = 15.1 - 2 ^^ sec. 

The chain length calculated from the above mechanism is about 100. 

It follows therefore that it is possible to explain the ethane decomposition 
on a free-radical basis under all conditions, and it is known that a free- 
radical mechanism largely prevails at very high temperatures. 

Recently the work of Patat and Sachsse (137, 175) has thrown consider- 
able doubt upon the idea that the reaction proceeds by a radical chain 
mechanism. They measured the rate of the ortho-para hydrogen con- 
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version in the presence of decomposing ethane, and were thus able to detect 
hydrogen atoms^ produced by the decomposition or by the reaction 

CHa + H2-^CH4 + H (A) 

The hydrogen atoms produced in this way are being destroyed by reaction 
4 above. Hence the stationary concentration of hydrogen atoms is de- 
fined by the two processes, and we get approximately 

[CHa] ^ kdC^His] 

[H] A:^[H2] 

Having evaluated the hydrogen-atom concentration, we can compare it 
with that calculated from the Rice-Herzfeld mechanism. At 590°C. the 
experimentally found value is 10“^* moles per liter. The value predicted 
by the Rice-Herzfeld mechanism is about 1000 times larger, viz., lO”^^. 

As pointed out above, Steacie and Phillips determined the activation 
energy of reaction 4 in the above scheme. They find E 4 = 6.3 kg-cal. 
instead of the assumed value of 17 kg-cal. If we recalculate the hydrogen- 
atom concentration predicted by the free-radical chain theory, using this 
value of Eiy we obtain a result which agrees almost exactly with experi- 
ment. Such a change in reaction 4, however, seems to introduce insur- 
mountable difficulties into the application of the scheme of Rice and 
Herzfeld to the ethane decomposition. The overall order of the reaction 
and the theoretical value of the activation energy are largely dependent 
on the manner in which the chains are terminated. The change in E^j 
by altering the relative concentrations of the reacting substances, upsets 
the relationships between the rate constants, and it is no longer permissible 
to neglect reactions 8 and 9. Under these circumstances the scheme no 
longer predicts a first-order rate or the correct value of the overall activa- 
tion energy. There has been a certain amount of disagreement between 
Sachsse (176) and Steacie and Phillips (197) as to the exact manner in 
which the Rice-Herzfeld mechanism is affected by the results of the latter 
authors. They are, however, in complete agreement that the main effect 
of the results is to make the free-radical chain mechanism for the ethane 
decomposition untenable, at least in its present form. 

Of course, as we have seen, the recent work of Trenner, Morikawa, and 
Taylor (226) disagrees with that of Steacie and Phillips concerning the 
activation energy of reaction 4. However, even their value of 11.4 kg-cal. 

* For a detailed discussion of the ortho-para hydrogen conversion and its use as a 
method of measuring the stationary concentration of hydrogen atoms in a system, 
see Farkas (49). 
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would introduce serious difficulties into the application of the free-radical 
chain mechanism. Also, on the basis of their work the reaction 

H + C2H6 CHs + CH4 

could not be ignored. The presence of this reaction with an activation 
energy of 7.4 kg-cal. would fundamentally alter the nature of the chain- 
carrying steps in the Rice-Herzfeld scheme and would destroy its agree- 
ment with experiment. 

Frost (60) concludes that the scheme is not in agreement with experi- 
mental results, and has suggested a new free-radical chain mechanism 
based on a retarding effect of the unsaturated products of the reaction. 

Storch and Kassel (203a) in discussing the free-radical mechanism 
generalize the Rice-Herzfeld scheme to take into account their new results 
on the production of methane and propylene. They consider the following 
scheme : 


CjHe 2 CH, 

(1) 

C2H, CjHt + H 

(2) 

m + CjHi H + CiHi 

( 3 ) 

H + C2H6 -> H2 + CsHs 

( 4 ) 

H + CjH 4 ^ C2H6 

( 5 ) 

H + CaHe CH4 + CH, 

(6) 

CH3 + H2 CH4 + H 

( 7 ) 

CHs + CjHe ^ CH4 + CsHs 

(8) 

C2H6 CsH 4 + H 

( 9 ) 

CsHs + Rt-* CsH« + H 

(10) 

CsHs + H*->CH 4 + CHa 

(11) 

H + CsHa ^ CsH, 

(12) 

H + CsHa ^ CaH 4 + Ha 

( 13 ) 

CaHs + CaHi -» CH, + C,H« 

( 14 ) 

2 CaHa -> C4H10 

( 16 ) 


By the customary steady-state method, assuming long chains, they 
conclude that for the free-radical scheme to agree with experiment the 
following conditions must be fulfilled: 
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(1) 

h 

A;io[H2] 


for [H 2 ] > 300 mm. 

( 2 ) 

h 

^ ^10 [H2] 


for [H 2 ] < 50 mm. 

(3) 

ki 

[CsH,] » fc5[C2H4l 

for [CzHe] ~ 10[C2H4] 

( 4 ) 

ik 

1 + ^[CjHe] 


[H 2 KC 2 H 4 ] ^ 

1 iOr S ^eqml 

[02X16] 


The first two conditions are incompatible unless the reactions H 2 + 
C 2 H 4 and C 2 H 6 + C 2 H 4 deviate widely from second-order laws, and such a 
deviation is in definite disagreement with the results of Pease, Sachsse, and 
Storch and Kassel. Condition 3 is in poor agreement with Rice and 
Herzfeld's assignment of activation energies, E 4 = 17 kg-nal., £3 = 10 
kg-cal. The use of £^4 = 6 kg-cal., as found by Steacie and Phillips, in- 
troduces new difficulties, as discussed above. Storch and Kassel illus- 
trate these difficulties by showing that with £'4 = 6 kg-cal., in order that 
the free-radical mechanism can hold it is necessary that 

< 2 X lO^* 

/C12 -j- fCiz 

It is extremely unlikely that the rates of two recombination reactions 
should differ so widely. At present there are no suitable data for testing 
condition 4. 

Storch and Kassel therefore conclude that the free-radical mechanism is 
ruled out, and that the major part of the observed reaction is to be ac- 
counted for by the more or less classical mechanism 

C 2 H, ^ C 2 H 4 + H 2 


CjHe ->CH4 

+ CH 2 


CH 2 + CsHs CH 4 

+ C 2 H 4 

(rapid) 

C 2 H 4 + CjHe C 4 H .0 



C 4 H 10 CH 4 

+ C,He 


C 4 H 10 -♦ H 2 

+ C 4 H 8 


C 2 H 4 + C 2 H 6 CH 4 

+ CaH6 



In addition, a small amount of reaction undoubtedly occurs by radical and 
chain processes. 

Sickman and 0. K. Rice (185) have found evidence that methyl radicals 
from decomposing azomethane will decompose ethane to some extent. 
On the other hand, Echols and Pease (38) found that radicals from the 
ethylene oxide decomposition would not cause the decomposition of 
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ethane at 425®C., although they would decompose propane and butane. 
In any case, however, it should be emphasized that the fact that radicals 
can cause the sensitized decomposition of a substance is no proof that the 
ordinary decomposition of the substapce involves them. 

Recently Staveley (188a) has investigated the occurrence of free radicals 
in the ethane decomposition by the inhibitory effect of nitric oxide. By 
this method he finds a mean chain length of 12.2 at 620®C. and an ethane 
pressure of 150 mm. The reaction was followed by the pressure change, 
but it was proved that possible complications due to the polymerization 
of ethylene by nitric oxide were absent. The rate of the fully inhibited 
reaction was found to fall off with diminishing ethane pressure in the 
ordinary way. Its rate could be expressed by 

logio k = 14.44 - j fjif 

Staveley suggests that comparatively few decomposing molecules give 
rise to chains, but that these chains are very long, of the order of 10® to 
10^ units. In view of the fact that sensitized decomposition of ethane by 
radicals does not seem to occur easily, such a chain length appears to be 
very unlikely. 


C, Propane 

1. The thermal decomposition 

The early papers on the propane decomposition by Pease (140), Frey 
and Smith (59), and others (37, 147, 182) served to establish the fact that 
the reaction is principally homogeneous and of the first order. The 
main courses of the reaction are : 

CsHs -> CsHe + H2 

CjHs C2H4 + CH4 

a certain amount of ethane and butane being also formed. 

The first reasonably accurate kinetic data were obtained by Marek and 
McCluer (118), using a flow method. The products found were those 
indicated by the above equations in approximately equal amounts. In 
calculating velocity constants they corrected for the back reactions, and 
obtained the result 


1 7 62,100 -1 

logic k = 13.44 - sec. 

The main source of uncertainty in their work was the rather variable tem- 
perature of the reaction vessel. Also, as in all work with flow systems, 
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the effect of pressure on the rate could not be very thoroughly investi- 
gated. 

Later work by Paul and Marek (139) was done by the same method, 
but in greater detail. They used small percentage conversions and thus 
cut secondary reactions down to a minimum. Nitrogen and increased 
surface were shown to be without effect on the rate when the reaction was 
carried out in either silica or copper vessels. In the range from 550° to 
610°C. the rate is given by 

1 7 74,850 -1 

logic k = 16.60 - seo. 

Their absolute rates are in rough agreement with those of Marek and 
McCluer, but, as may be seen from the equations, there is an enormous 
difference in the temperature coefficient. 

Frey and Hepp (58) obtamed rates in good agreement with those of 
Marek and his collaborators. They made very thorough analyses of the 
products by low-temperature fractional distillation. At 575°C. with a 
pressure of 739 mm. and a contact time of 74 sec., the products were as 
follows: 


1 

PKODtrCTS 

MOLE PER 
CENT 

PRODUCTS 

MOLE PER 
CENT 

N, .... 

0 60 

C,H« 

0 49 

H, 

4.10 

CaHe 

4.60 

CO 

CO, . 


CaHa 

Butadiene . 

81 76 

CH 4 . . . . 

C,H4 

4.63 

4.03 

Higher hydrocarbons 



The reaction has also been investigated by Dinzes and Frost (30, 31, 
32) by the static method. They followed the reaction by the pressure 
change from 619° to 666°C. and 1 to 78 mm. It was found that the uni- 
molecular constants drifted badly during an experiment, as discussed 
above f6r ethane, the rate in a given run being given by 

h = 0.921a; 

^ \ 1 — X 

The addition of hydrogen, methane, or ethylene had no effect on the reac- 
tion velocity. The freshly formed products of the reaction were foimd to 
retard the decomposition of further propane, but if the products were 
stored for a time they lost their retarding effect. This obviously suggests 
that the effect is a surface phenomenon of some kind. They interpret all 
these complications as evidence for a chain process. 
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The decomposition of propane-propylene-hydrogen mixtures has been 
investigated by Travers (222c). The results are complex and are not 
in agreement with those of other workers. 

2. Free radicals and the propane decomposition 

Rice, Johnston, and Evering (164) showed that free radicals could be 
detected in the decomposition of propane, and Rice and Johnston (163) 
found the activation energy of the free-radical split to be 71.6 kg-cal. 
Rice (157, 159) suggests as a mechanism for the decomposition 

CH8CH2CH3 CHs + C2H6 

R + CaHs RH + CH3CH2CH2 RH + C2H4 + CHa 

R + CsHg RH -h CHaCHCHs RH -f CHaCH^CHa + H 

where R represents a hydrogen atom or any radical. From this scheme, 
making suitable assumptions regarding the relative reactivity of primary 
and secondary hydrogen atoms, he gets for the overall decomposition 

bCaHg — > 6C2H4 -f- 6CH4 

4C3H8 4 CaH 6 + 4H2 

which is in satisfactory agreement with the experimentally found products 
of the reaction. 

Belchetz and Rideal (9) investigated the decomposition of propane on a 
carbon filament at low pressures, using the technique described above for 
methane. They concluded that the primary process was 

CHaCHaCHa CH8CH=CH2 + H2 

followed by 

CHaCH^CHa C2H4 + CH2 

CH 2 "t“ etc. — > CHa -f" etc. 

The activation energy of the primary process was found to be 94.2 kg-cal. 
There is thus a very great discrepancy between their work and that of Rice 
and his collaborators. Belchetz and Rideal suggest that the methyl 
radicals found by the latter are secondary products of the methylene 
radical. On the whole the evidence seems to favor the Rice mechanism 
for the free-radical split, although the question cannot be considered to be 
settled. Possibly the carbon filament is the disturbing factor in the ex- 
periments of Belchetz and Rideal, as they themselves point out. 

The free-radical chain mechanism for the propane decomposition has 
been tested by Patat (136) by using the ortho-para hydrogen conversion as 
a test for hydrogen atoms, as described above for ethane. The result is 
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similar, viz., far too few hydrogen atoms are found as compared with the 
predictions of the Riee-Hcrzfeld mechanism. Patat concludes that the 
maximum possible fraction of the propane molecules which can decom- 
pose by a free-radical mechanism as opposed to a direct split into molecules 
is 10"^ 2 if we assume that the radicals recombine (and thus end the chains) 
in the gas phase, and is 10“^ ® if we assume radical recombination on the 
walls of the reaction vessel. It must therefpre be concluded that at low 
temperatures the Rice mechanism is not in accord with the facts, in spite 
of its success in predicting the products of the reaction. 

There is, on the other hand, ample evidence that radicals can produce a 
sensitized decomposition of propane. Echols and Pease (38) showed that 
propane could be decomposed by radicals from the ethylene oxide decom- 
position at 425°C. They estimated the chain length of the sensitized 
decomposition by comparing the amount of olefin formed with the carbon 
monoxide resulting from the ethylene oxide decomposition. The result 
was C„H 2 n/CO = 0.55. Of course, this is an average chain length, and 
it IS possible that there are comparatively few long chains rather than a 
great many short ones. 

Sickman and 0, K. Rice (185) also found that methyl radicals caused 
some decomposition of propane, the radicals in this case being produced by 
decomposing azomethane. 

3. Atomic and photochemical reactions 

Comparatively little work has been done on atomic or photochemical 
reactions of propane. By mercury photosensitization Taylor and Hill 
(213, 214) found that propane reacts faster with hydrogen atoms than does 
ethane, but more slowly than butane. Recently, in the course of another 
investigation, Trenner, Morikawa, and Taylor (226) made two runs with 
propane and deuterium atoms produced by the Wood-Bonhoeffer method. 
They found that the products of the reaction were mainly methane, to- 
gether with a small amount of ethane. The amount of decomposition was 
quite small, being 2.4 per cent at room temperature and about 10 per cent 
at 109°C. The methane and ethane were found to be highly deuterized, 
while the propane was not exchanged. Propane is thus much less reactive 
than ethane, and they find no evidence of a catalytic recombination of 
hydrogen atoms in the presence of propane, as had been reported pre- 
viously by Bonhoeffer and Harteck (23). These findings are surprising 
in view of all previous work in this field, and particularly in view of the 
fact that Frankenburger and Zell (56) found large decomposition of 
pentane by hydrogen atoms, indicating increased reactivity with increasing 
molecular weight of the hydrocarbon. Further work is promised from 
Taylor^s laboratory. 
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Z). The hulanes 
1. The thermal decomposition 

As with most of the hydrocarbons, the first data of any kinetic impor- 
tance were obtained by Pease (140). This investigation was merely a 
preliminary one, but it served to show that the decompositions of the two 
butanes were homogeneous and probably of the first order. Pease and 
Durgan (147), using a flow method, made a more thorough investigation. 
They concluded that the main reactions which occurred were 


C4H10 ^ C4H8 + H* 

(1) 

C4H10 -> CJI, + CH4 

(2) 

C4H»o ^ C,H 4 + C*H. 

(3) 


The reactions were found to be not more than 1 per cent heterogeneous, 
and the rate was slightly increased on diluting the reactants with nitrogen. 
The unimolecular constants fell off rapidly during the course of an experi- 
ment. They suggested that this was perhaps due to a rehydrogenation of 
the products, since they found that the addition of hydrogen decreased 
the amount of dehydrogenation. The effect of pressure on the rate indi- 
cated that the reactions were predominantly of the first order. The 
activation energy was found to be roughly 65,000 cal. for both butanes. 

Hurd and Spence (79) investigated the reactions by a flow method at 
600°C. with the object of ascertaining the products only. They concluded 
that n-butane decomposed by reactions 2 and 3, and isobutane by reactions 
1 and 2, and that secondary reactions also occurred to some extent. Cam- 
bron (26) concluded that another reaction also occurred in the case of 
n-butane. 


C4H10 2C2H4 + H2 

and that this was, in fact, the predominant reaction at high temperatures. 
Frey and Hepp (58) investigated the reactions by a flow method at 575®C. 
They made very thorough analyses of the products by low-temperature 
distillation, the results of which are given in table ID. 

The reactions were also investigated by Marek and Neuhaus (119, 120), 
who used various percentage conversions and extrapolated to zero to get 
the primary process. Their analytical results are given in table 2. In 
the case of n-butane the ratio 


CoH. + C2H4 
CH4 + C.H« 
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was in excellent agreement with the predictions of the Rice theory, being 
0.71 and 0.79 at 600°C. and 650°C., respectively, as compared with pre- 
dicted values of 0.75 and 0.79. For isobutane the ratio 

CH4 + CsHe 
C4H8 + R, 

TABLE ID 


The decomposition of the butanes at 675^0. (Frey and Hepp) 



j IBOBUTANE 

j n-BUTANE 

Pressure, mm 

747 

77 

762 

745 

Time, sec 

39 6 


25 2 

24 3 

Per cent decomposition 

17 4 

6 7 

11 3 

10.6 

k, sec.“’ 

0 0048 


0 0048 

0 0046 

N 2 , mole per cent 

0 35 

0 95 

0 0 

0 2 

H, 

6 98 

3 65 

0 84 

0 87 

CO 

0 13 

0 09 

0 0 

0 0 

C 02 

0 43 


0 0 

0 0 

CH4 

6 26 

2 55 

6 38 

5 58 

C2H4 

0 33 

0 0 

3 14 

2 84 

CsH, 

0 36 

0 13 

2 25 

2 30 

CaHe 

4 64 

1 94 

6 86 

5.41 

CaHs . . . 

1 47 

0 24 

0 29 

0.39 

Butadiene 



0.14 


(CH8)2C=:=CH2 

8 61 

3 85 



C4H10 . 

70 45 

86 60 

79 95 

82 41 


TABLE 2 


The initial products of the butane decompositions (March and Neuhaus) 


PRODUCT, IN MOLES PER 100 MOLES RE ACTING 

n-BUTANE 

IBOBUTANE 

At 600“C 

At 650“C 

At eco^c 

At 660“C 

CH4 . ... 

48 5 

48.0 

36 0 

36 0 

CaHe 

48 5 

48 0 

34 0 

36 0 

CaHe .... 

34 5 

36 7 

2 6 

1.6 

C2H4 . 

34 6 

38 7 



H2 

16.0 

12 3 

63 0 

63 0 

C4H8 

16 0 

12 3 

63 0 

63 0 

C.H« . . 

0 0 

1 Of?) 




was not in such good agreement. The values found were 0.55 and 0.57, 
as compared with predicted values of 0.91 and 1.04. 

Paul and Marek (139) repeated the investigation from the point of view 
of the kinetics of the processes. In the temperature range 550° to 610°C. 
the rates are expressed as follows: 
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For n-butane: logio k — 17.05 — sec. * 

For isobutane: logiofc = 14.89 — 8ec.~‘ 

2i,oKl 

The large difference between the two isomers is noteworthy, if real, but 
is probably fictitious. 

A thorough investigation of the decomposition of n-butane has recently 
been made by Steacie and Puddington (198a). They used the static 


TABLE 3 

The decomposition of n-butane (Witham) 


TEMPERATURE 

CONTACT TIME 

k 

"C 

seconds 

secr^ 

600 

7.3 

0.0146 

600 

21.8 

0.0106 

600 

68 1 

0 0074 

600 

114 0 

0.0044 

600 

161 2 

0.0033 

600 

210 6 

0.0021 

650 

11.0 

0.0598 

660 

27.0 

0.0338 

660 

37.4 

0.0263 

650 

76.6 

0.0098 

700 

3 0 

0.2820 

700 

12 0 

0.0725 

700 

50 3 

0.0097 


method and followed the reaction both by pressure change and by analysis 
at various stages. For the high-pressure rates they obtain 

logic k = 12.54 - sec.-i 

There is thus good agreement between their value of the activation energy 
and that of Frey and Hepp. There is, however, a tremendous discrepancy 
between these results and those of Paul and Marek. Part of this dis- 
crepancy at least is due to Paul and Marek^s not having extrapolated 
their rates to infinite pressure. The products of reaction in Steacie and 
Puddington^s work are also in much better agreement with those of Frey 
and Hepp than with those of Paul and Marek. The products varied very 
little with temperature or pressure, mean values of the “initial products’' 
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(i.e., extrapolated to zero conversion) being as follows: CH 4 , 35.5 per cent; 
CsHe, 35.5 per cent; C 2 H 4 , 15.0 per cent; CaHc, 14.0 per cent; H 2 < 1.0 
per cent. 

Witham (235) has also measured the rate of decomposition of n-butane, 
alone and mixed with steam. His rates are, in general, lower than those of 
Marek and his collaborators. His velocity constants for experiments with 
butane alone are given in table 3. The constants vary so much with 
contact time that it is impossible to obtain reliable initial rates from his 
data, or to estimate the magnitude of the activation energy. 

2. Free radicals and the butane decompositions 

It was shown that free radicals could be detected in the high-tempera- 
ture decomposition of the butanes by Rice, Johnston, and Evering (164), 
and the activation energy of the free-radical split was found to be 65.4 
kg-cal. for n-butane by Rice and Johnston (163). The Rice mechanisms 
for the reactions are (166) ae follows: 

For isobutane: 

C4Hio--^ CHs + CHsCHCHs 
CHsCHCHs CaHe + H 
C 4 H 10 + R~> RH + (CH,) 2 CHCH 2 
RH + CaHe + CHa 
C 4 H 10 -h R-^ RH + (CH,)8C 

RH + (CH8)2C=CH2 + H 

where R = CHa or H. The usual assumptions as to the relative rates of 
reactions involving a loss of primary or secondary hydrogen atoms lead to 

9C4H10 9CH4 + 9 CaH 8 

IOC 4 H 10 IOC 4 H 8 (iso) -h lOHa 

As mentioned above, the agreement with experiment in this case is not 
very satisfactory. 

For n-butane: 

CHa + CHaCHaCHa 
C4 Hio~^ 2CH8CH2 
CHaCHaCHa C 2 H 4 + CHa 

C 4 H 10 + RH + CHaCHaCHaCHa 

RH + CaH4 + CHaCHa 
C 4 H 10 + R~^ RH + CHaCHaCHCH, 

RH + CaHa + CH, 
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where R = CHs or CHsCHj. This leads to the overall equations 
6C4H10 6C2H4 + GCaHe 

8C4H10 SCsHe + 8CH4 

in excellent agreement with experiment insofar as the relative amounts of 
ethylene, propylene, ethane, and methane are concerned. However, the 
scheme predicts no hydrogen and butene as products, whereas actually 
Marek and Neuhaus and Frey and Hepp found that from 8 to 16 per cent 
of the total reaction involved the formation of these substances. 

As in the case of ethane and propane, Belchetz and Rideal (9) find a 
much higher activation energy for the primary split than do Rice and his 
coworkers, viz., 93.2 kg-cal. They assume for the mechanism 

C4H10 CH 8 CH 2 CH=CH 2 + H2 

CH3CH2CH=CH2 CH3CH=CH2 + CH 2 

CH 2 ”t" etc. — > CHs -|- etc. 

Here again the evidence seems to favor the Rice scheme for the primary 
split at the high temperatures used. 

To what extent the decomposition of the butanes is to be regarded as 
occurring through free radicals is at the moment an open question. In 
view of the previous discussion of the ethane decomposition, the free- 
radical mechanism may well be regarded with suspicion. On the other 
hand, there is much more evidence in the case of butane to show that chains 
can be set up by radicals. Thus Heckert and Mack (69) found that 
n-butane was “cracked by decomposing ethylene oxide. Frey (57) 
showed that 1 per cent of dimethyl mercury at 525°C. could set up chains 
twenty molecules long in n-butane. Echols and Pease (38) found that 
chains were set up in n-butane and isobutane by radicals from the decom- 
position of ethylene oxide at 425°C. They estimated that the chains were 
up to twelve molecules long. Sickman and Rice (185) found likewise that 
n-butane was chain decomposed by radicals (presumably methyl) from 
decomposing azomethane. There thus appears to be no doubt of the 
possibility of a free-radical chain decomposition of the butanes. 

Recently Echols and Pease (39) have reported that the addition of small 
amounts of nitric oxide inhibits the decomposition of n-butane. Thus 
at 500°C. in a potassium chloride-coated bulb, with an initial pressure of 
butane of 200 mm., they obtain the following results: 


P# (NO) 

IKITIAL BATB OF DXCOlf- 
POSITXON OF CiHlO 

FSB CISNT DSOOUPOSmON IN 120 MINUTBS 

AS INFKBBBD FBOM 


Pressure change 

Analysis 

mm. 

0 

1.0 

26.5 

31 

20 

0.06 

7.1 

13 
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They therefore conclude that nitric oxide is functioning as a chain breaker 
(188a, 189, 190), and hence that the ordinary butane decomposition in- 
volves chains. Preliminary observations by Steacie and Folkins (194) 
are in agreement with these results. 

3. Atomic and photochemical reactions 

There has been little work on the reaction of hydrogen atoms with the 
butanes. Taylor and Hill (213, 214) found, using mercury photosensi- 
tization, that butane reacts faster with hydrogen atoms than propane, 
which in turn reacts faster than ethane. Recently Trenner, Morikawa, 
and Taylor (226) have made one run with n-butane and deuterium atoms 
produced by the discharge tube method. They find about 11 per cent 
decomposition at 110°C. to give methane, ethane, and propane. The 
methane and ethane are highlj'' exchanged, while the recovered butane is 
not exchanged at all. This is an unexpected result, for the reasons men- 
tioned in the discussion of the propane reaction. 

Steacie and Phillips (198) in the course of another investigation made 
one run on the mercury-photosensitized decomposition of butane. They 
found that hydrogen and higher hydrocarbons were produced in large 
amounts. The quantum yield at room temperature was 0.55. 

E. The higher paraffins 

These reactions are too complicated to be of much value from a kinetic 
standpoint, and are considered to be, in general, beyond the scope of this 
review. There are, however, a few investigations which are of interest by 
comparison with the lower parafiSns, and they will be briefly mentioned. 
No attempt will be made to discuss the products of the decompositions 
of the higher paraflSns. 

Pease and Morton (148) investigated the decomposition of 7^-heptane. 
The investigation was not very thorough, but it showed that the reaction 
is homogeneous and of the first order. The rate was unaffected upon 
changing the surface of the reaction vessel, but complicating secondary 
processes were undoubtedly present. Their results are expressed by the 
equation 

1 7 o QK 46,500 —1 

logio k = 9.85 - sec. 

As pointed out later, however, there is no doubt that their value of the 
activation energy is greatly in error. The same authors also investigated 
the decompositions of a number of cyclic and aromatic hydrocarbons. 

Frey and Hepp (58) investigated the decomposition of a number of 
higher hydrocarbons by a flow method, but their data are not in general 
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sufficient to enable a very reliable estimate of the activation energy. They 
concluded that compounds with tertiary carbon atoms decompose faster 
than others. They give the following velocity constants at 426°C. for 
some of the simpler compounds; n-butane, 1.9 X 10~® sec.”"^; n-pentane, 
2.4 X 10“® sec.“^; isopentane, 3.7 X 10“® sec.”^; ?i-hexane, 1.1 X 10“® 
sec.“^ 

Dinzes and his collaborators (33, 34) have investigated the kinetics of 
the decomposition of n-hexane and r^octane. They obtained results 
similar to those already discussed for ethane and propane. The velocity 
constants are given as follows: 


For n-hexane: 


For n-octane: 


logio k = 14.58 — 


64,500 

2.ZRT 


sec. 


logic k = 14.70 


64,900 

22RT 


sec. 


They also investigated (33a) the decomposition of dodecane, 2,2,4-tri- 
methylpentane, and 2 , 5-dimethylhexane, but all these reactions appear 
to be too complex to yield much information. 

Bairstow and Hinshelwood (3) have investigated the homogeneous 
catalysis of the decomposition of n-hexane by iodine. The results are 
somewhat uncertain, and are not easy to interpret. 

Rice and Polly (165) obtained cyclohexane from the decomposition of 
diheptyl mercury. They discuss the formation of alicyclic hydrocarbons 
from free radicals, and conclude that in this case the process is probably 

CH 2 CH 2 

/ \ 

CH 8 CH 2 CH 2 CH 2 CH 2 CH 2 CH 2 H 2 C CH 2 + CHa 

\ / 

CH 2 CH 2 

Klemenc and Patat (97) investigated the mercury-photosensitized 
reactions of n-pentane. They found that decomposition and polymeriza- 
tion both occurred, hydrogen, methane, and other hydrocarbons being 
formed. Similar results were obtained by Frankenburger and Zell (56), 
who concluded that the primary process must involve the splitting of 
both C — H and C — G bonds. 

A brief investigation of the mercury-photosensitized decomposition of 
n-hexane was made by Taylor and Bates (209). Much hydrogen and 
some methane were formed in the reaction. 


F. Comparison of the parafin decompositions 

The kinetic data for the thermal decomposition of the paraffins are 
summarized in table 4. As is usually the case, the exponential and non- 
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exponential factors in the rate expression k ^ Ae are interdependent, 
and their mutual fluctuations mask regularities in the data which might 
otherwise appear. In order to avoid this, and also to enable comparison 

TABLE 4 


Summarized kinetic data for the decomposition of the paraffins 


BUBBTAMCK 

logjo A 

E 

km 

km 

OBSXRVSB 

CH 4 

12 00 

cal. per 
mole 

79,385 

1 3 X 10-» 

«ec.~» 

3.3 X 10-» 

Kassel (86) 


36 12 

73,200 

1 6 X 10-« 

1 7 X 10-8 

Marek andMcCluer (118) 

C,H« 

16 06 

77,700 

6.1 X 10-« 

1.0 X 10-8 

Recalculated (139) 

14 1 

69,800 

1 6 X 10-8 

1.2 X 10-8 

Sachsse (174) 

CjHs . < 

13 44 

(65,000) 

62,100 

1 

j 

9 6 X 10“^ 

1.0 X 10-8* 

1.5 X 30-8 

2.6 X 10-8 

Storch and Kassel (203a) 

Pease and Durgan (147) 
Frey and Hepp (68) 

Marek and McCIuer (118) 


16 60 

74,850 

1.4 X 10-7 

1 9 X 10-8 

Paul and Marek (139) 


13.63 

(65,000) 

61,400 

1 9 X 10“8 ! 

4 8 X 10-8 

Pease and Durgan (147) 
Frey and Hepp (68) 

n-C4Hio ' 

17 05 

73,900 

7 8 X 10-’ 

9 8 X 10-8 

Paul and Marek (139) 


12 54 

68,700 

1 5 X 10“8 

2 6 X 10“8 

Steacie and Puddington 

iso-C4Hio| 

14.89 

(66,000) 

66,040 

1 5 X 10-8 

4 8 X 10-8 

7 1 X 10“* 

(198a) 

Pease and Durgan (147) 
Frey and Hepp (68) 

Paul and Marek (139) 


13 4 

61,200 

2.4 X 10-8 

5 7 X 10-8 

Frey and Hepp (68) 

iB0-C6Hi2 

12.93 

68,600 

3.7 X 10-8 

6.6 X 10-8 

Frey and Hepp (68) 

n-C.Hu { 

12.43 

55,500 

1.1 X 10-8 

1 3 X 10-8 

Frey and Hepp (68) 

14.58 

64,600 

2 3 X 10-8 

8.7 X 10-8 

Dinzes et al. (33, 34) 

2,3-Di- 

methyl- 

butane 

ti-CtHw 

9.86 

46,600 

1.9 X 10-8 

1.9-2 4 X 10-* 

1 7 1 X 10-8 

Frey and Hepp (68) 

Pease and Morton (148) 

n-CsHi8 

14 70 

64,900 

2.3 X 10-8 

9.1 X 10-8 

Dinzes et al. (33, 34) 


* Inferred by comparison with reference 139 at 566 ®C. 


with the results of Frey and Hepp, the velocity constants have been cal- 
culated from the equations given by other observers for temperatures of 
425®C. and 575®C., and activation energies have been calculated from 
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Frey and Hepp's results at these two temperatures. The first of these 
temperatures is below the usual experimental range for these reactions, 
while the latter is well within it. It will be seen from the table that there 
is fair agreement throughout at 575°C., but the calculated rates at 425°C. 
show large discrepancies. Thus in the case of propane, the results of Frey 
and Hepp and of Paul and Marek are in good agreement, and those of 
Marek and McCluer agree within a factor of 2 at 575°C. At 425®C., 
however, the results of the two latter disagree by a factor of 7. The reason, 
of course, is that the tremendous discrepancy of 13,000 cal. in the activation 
energy is balanced by a difference of a factor of over 1000 in A, so that the 
farther one gets from the experimental temperature range the greater is 
the discrepancy. It must be concluded, therefore, that in the neighbor- 
hood of 600°C. the absolute rates of the reactions are well established, but 
that with the exception of methane and ethane the activation energies are 
almost all untrustworthy. 

Frey and Hepp’s work constitutes the longest single set of observations 
and their individual results should be strictly comparable. Unfortu- 
nately, however, almost all their work was done at only two temperatures, 
and hence the activation energies calculated from their results are not very 
reliable. Their work, however, seems to indicate that the activation 
energies of the hydrocarbons from propane to octane are definitely lower 
than those for methane and ethane, but do not differ much among them- 
selves. By comparison with other work, Paul and Marek^s values of E 
for propane and n-butane appear to be too high, while Pease and Morton^s 
value for n-heptane is definitely far too low. These conclusions receive 
support from the fact that an A factor of 10^^ is unusually large and one of 
10® is unusually small for a unimolecular decomposition, so that errors in 
the A factors in these cases apparently compensate errors in E, 

In a recent review Frey (57) has plotted log (rate)-l/r curves for the 
decomposition of various hydrocarbons, including mixtures such as ^^gas 
oil.’^ The curves plotted correspond roughly to the parafllns from Ci 
to Ci 7 . It is noteworthy that the slopes of the curves (i.e., the values of E) 
from Ca to Cn are virtually identical, although of course the points are 
widely scattered. Existing information, however, is much too inaccurate 
to permit any definite conclusions to be drawn. 

As far as the absolute rates of decomposition are concerned, the very 
great stability of methane is noteworthy. Ethane is also considerably 
more stable than propane, but the higher members of the series do not 
differ greatly. Thus, taking Marek and McCluer^s recalculated value for 
ethane as unity, the relative rates of decomposition at 575°C. are given in 
table 5. 

The activation energies of the split into free radicals as determined by 
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Rice and his collaborators are summarized in table 6. The rapid drop in 
the activation energy with increasing molecular weight is noteworthy. It 
is evident that for the higher members of the series, say from butane on, 
the activation energies of the free radical and the ordinary overall thermal 
decomposition are not very different. It is therefore possible that, in 
spite of the evidence against the free-radical mechanism for ethane and 

TABLE 5 


Relative rates of decomposition of the paraffins at 575^C. 


BUBBTANCB 

km (AYBBAOE OF THE VALTTEB 
OF DIFFERENT OBSERVERS) 



CH 4 

3.3 X K)-' 

CsHe 

1.0 


17 

n-C4Hio j 

73 

iso-C4Hio 

60 


57 

isO“C^6B]2 

66 

n-CeHi4 

109 

n-C7TIi6 

71 

n-CsH,8 

91 


TABLE 6 

Activalioti energies of the split into free radicals (Rice ei al ) 


SUBSTANCE j 

E 


kg-cal. 

CH 4 

100 

. ... 

79.5 

CsHs 

71.6 

n-C4Hio 

65.4 

n-C5Hi2 . ... 

64.0 

ri-CyHifi 

63.2 


propane, the higher members may actually decompose by some process 
involving radicals. It is unfortunate that the values of the activation 
energies of the ordinary thermal decompositions are so unreliable that* 
one cannot compare them with the free-radial activation energies with any 
degree of certainty. 

One reason for uncertainty, of course, is that we are really dealing with 
several different simultaneous reactions in the case of the higher hydro- 
carbons. Marek and Neuhaus (120) have summarized the separate 
velocity constants for these reactions (estimated from the results of Marek 
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and his coworkers) in the case of ethane, propane, and butane. The data 
are given in table 7. 

It is illuminating to calculate the activation energies of the various 
splits from these data, and the results of such calculations are given in 
table 8. It has already been pointed out that there is considerable doubt 

TABLE 7 

Velocity constants of the separate reactions of the paraffins 


(Summarized by Marek and Neuhaus) 


SUBSTANCE 

TKMPERATUEB 

k FOR SPLITTING OFF 

H* 

CH4 

CaH. 


“C 

sec *"1 


sec 

CaHe 

575 

0 00019 




600 

0 00066 




625 

0.00205 




650 

0.00650 




675 

0 01850 



CaHs 

550 

0 00026 

0 00019 



575 

0 00100 

0 00076 



600 

0 00360 

0 00274 



625 

0 01175 

0.00895 



650 

0 03725 

0 02830 



675 

0 11000 

0 08360 


71-C4HiO 

525 

0.000096 

0 00029 

0 000207 


550 

0 00040 

0.00121 

0 000863 


575 

0.00157 

0 00475 

0 00338 


600 

0 00552 

0 01671 

0 01190 


625 

0 01540 

0 05330 

0 04050 


650 

0.04610 

0 18000 

0 13900 

iso-C4Hio 

550 

0 00132 

0 000735 



575 

0 00454 

0 00252 



600 

0.01368 

0 00759 



625 

0 03750 

0 02083 



650 

0.10400 

0 05880 



whether the difference in the activation energies for n-butane and iso- 
butane is real or not. (Although it should be noticed that the results of 
Frey and Hepp for n-pentane and isopentane show the same trend.) If 
we leave the isobutane results out of consideration, the striking thing about 
the remainder is that they are all probably identical within the experimental 
error. To split off hydrogen requires the breaking of two C — bonds 
and the changing of one C — C to 0=*C. To split methane, on the other 
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hand, requires the breaking of one C — H and one C — C and the changing 
to one C —C to C— C. In view of the difference in the C — H and C — C 
bond strengths, a considerable difference in the activation energies might 
have been anticipated There is no doubt that a more accurate determina- 
tion of these activation energies for the whole series would be of the 
greatest interest 

In discussing the variation in rate as we ascend the series, Pease and 
Morton (148) point out that E/\og A is approximately constant and equal 
to 4500 for all the paraffins. It is, however, very doubtful if this means 
more than the fact that E and A in any given case are affected by com- 
pensating errors, while the absolute rate of reaction varies very little. 

There have been a number of jiapers which discuss the decomposition 
of the paraffins in a general way. Thus Burk (24) has attempted to 

TABLK 8 


Activation energies of the separate decomposition reactions of the paraffins calculated 

from the data of table 7 


1 

1 E FOB SPLITTINO OFF 

SUBSTANCE 1 




i 

j 

111 

CH4 

C 2 H 0 

i 

kg-cal 

kg-cal 

kg-cal. 

CjH. 

73 2 



CsHs 

74 2 

75 4 


w-Cdlio 

70 2 

75.4 

76 6 

iso-C4Hio 

65 7 

65 7 



derive a general expression for the rate for all the members of the series. 
He starts from the Polanyi-Wigner expression for a first-order reaction and 
obtains the equation 

fc = (n - 2) 

for the decomposition of a hydrocarbon containing n carbon atoms, v is 
the frequency of the C — C valence vibrations, assumed constant for all the 
hydrocarbons, and E is also assumed to be constant. The relative rates 
calculated in this way are in rough agreement with experiment. It should 
be remembered, however, that any equation which makes the rate increase 
slowly as we ascend the series will give approximate agreement with ex- 
periment. It is probable that the main cause of the increased rate is 
really to be found in a slowly diminishing bond strength, and hence activa- 
tion energy, as we ascend the series. (For a detailed discussion of this 
effect in another series of compounds see Steacie and Katz (195).) 

Kassel (87) has pointed out in a note that the assumption of 1,4-de- 
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hydrogenation as the main mechanism of hydrocarbon decomposition, 
together with lesser amounts of 1 ,2- and 1 , 1-dehydrogenation, will account 
for all the products predicted by the free-radical theory. 

There have been a number of recent reviews of the decomposition reac- 
tions of the paraffins, among which may be mentioned those of Schmidt 
(181), Frey (57), Egloff and Wilson (48), and especially the monograph by 
Egloff (40). In all of these attention is mainly focussed on the products 
of the reactions, rather than the kinetics of the processes. Thermodynamic 
and thermochemical data for the paraffins have been summarized by 
Rossini (172a), and by Thomas, Egloff, and Morrell (218a). 

III. THE OLEFINS 

On account of the fact that the olefins both decompose and polymerize 
when heated, their reactions are much more complex than those of the 
paraffins, and from a kinetic point of view we are on much less certain 
ground. The literature on the qualitative aspects of the subject is enor- 
mous, and we shall touch only on those papers which have some bearing 
on the main kinetic details of the processes. 

A. Ethylene 

1. The polymerization and decomposition of ethylene 

If ethylene is heated to a moderately low temperature the main reaction 
is polymerization. At higher temperatures it also undergoes decomposi- 
tion. It is, in general, not possible to separate completely the two reac- 
tions, and hence the whole situation is complex. We shall consider the 
low-temperature reactions first, since they are the simpler. Insofar as 
the older work and theories of polymerization are concerned, reference may 
be made to the review of Egloff, Schaad, and Lowry (46), and to the com- 
prehensive monograph of Egloff (40). 

Hague and Wheeler (67, 68), on the basis of experiments complicated 
by a considerable amount of decomposition, concluded that butadiene 
was the fundamental intermediate substance in the polymerization of 
ethylene, the reactions being 

2C2H4 CHsCHaCH^CHa 

CH2=CH— CH=CH2 + H 2 

the butadiene then reacting further with ethylene to give benzene, etc. 
The same conclusion was reached by Wheeler and Wood (233). 

Pease (142, 143, 145), in the first investigations of any value for our 
purpose, found that by working at pressures of about 10 atm. it was 
possible to suppress the decomposition almost completely, and to obtain 
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as products practically nothing but higher olefins. At lower pressures 
the reaction was complex, but at high pressures it was definitely a second- 
order association reaction, with an activation energy of 35,000 cal. The 
rate of reaction was low for a process with such an activation energy, and 
it was necessary to assume a steric factor of about 1/2000. This is, of 
course, rather to be expected on account of dreierstoss restrictions. Pease 
suggested for the mechanism 

2C2H4 C4H8 

followed by 

C2H4 + C4H8 C6H12, etc. 

It was found by Storch (201) that the reaction is greatly accelerated by 
traces of oxygen. The products were analyzed by low-temperature frac- 
tional distillation, a typical analysis from a run at 377°C. being given in 
table 9. Storch obtained an activation energy of 42,000 cal., a value 
somewhat higher than that of Pease. He suggests that this is due to the 

TABLE 9 


Products of the ethylene polymerization at S77°C (Storch) 


BTtBHTANCK 

VOLUME PER CENT 

Propylene . . 

13 8 

Butylene 

31 7 

Cyclobutane (perhaps a mixture) 

12.6 

Pentenes 

4 1 

^'Cyclopentane’^ 

8 1 

Hexenes 

12 6 

Higher olefins. . 

10 1 

Unaccounted for (perhaps adsorbed by stopcock grease, etc.) 

7 0 


presence of traces of oxygen in the ethylene used by Pease. For the 
mechanism he accepts Pease’s suggestion that the primary step is 

2C2H4 ^ CJJg 

He then assumes secondary reactions of the following types: 

C 2 H 4 + C 4 H 8 ^ 2 C 3 H 6 , or 

C2H4 + C4H8 ^ CeHn 

C2H4 + CaH, CeHio 

CjH 4 + CsHio CaHe + C 4 H 8 , or 

C2H4 + CsHio -» C,Hx4 
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Some change in the mechanism suggested by Pease is, of course, necessary, 
since it leads only to olefins with an even number of carbon atoms, and 
Storch found considerable amounts of Ca to Cs hydrocarbons. As Storch 
points out, there are not, as yet, nearly enough data to enable us to sort 
out all these reactions. 

In a later paper (202) Storch reports an attempt to purify ethylene suffi- 
ciently to enable really reproducible results to be obtained. This was not 
successful, but he found that the addition of small amounts of ethyl 
mercaptan slowed down the average rate and made the results strictly 
reproducible. Further, it was found that these rates were in good agree- 
ment with the slowest rates obtained with ^‘pure^’ ethylene. This suggests 
the presence of a catalyst of some sort under normal conditions, and he 
considers that the reaction is probably not a simple bimolecular change. 
While it is not yet certain what the initial step is, butylene probably pre- 
cedes propylene as a product. The activation energy of the overall 
reaction is found to be 43,500 cal., in good agreement with his former esti- 
mate. 

At the moment it seems difficult to assess the situation, since the results 
of Pease were so consistent that it does not seem to be justifiable to assume 
that they were largely influenced by fortuitous traces of impurities without 
further proof. 

The reaction has also been investigated by Krauze, Nemtzov, and 
Soskina (98, 100), who find it to be homogeneous and of the second order. 
Their results can be expressed by the equation 

logio k = 10.85 — f 

Their value of the activation energy is thus rather closer to the value of 
Pease than to that of Storch. They find that the second-order velocity 
constants fall off considerably during an experiment. They calculate a 
collision eflSciency of 1/400, which is somewhat higher than Pease^s value. 

A few experiments on the poljnnerization of ethylene have also been 
made by Travers and Hockin (224). 

The reaction at higher temperatures is much more complex, and con- 
sists of both decomposition and polymerization. It was shown by Frey 
and Smith (59) to be homogeneous in silica vessels. A typical analysis 
of the products of the reaction at 575®C. and 1 atm. pressure, after 4 min. 
reaction time, is given in table 10. These results correspond to a velocity 
constant of about 0.0011 sec."'^ if the reaction is assumed to be a first-order 
decomposition. Frey and Smith found that the addition of hydrogen to 
the reactant decreased the amount of unsaturated products formed, which 
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suggests that secondary hydrogenation reactions play a part (the hydrogen 
being normally produced from the decomposition). 

Wheeler and Wood (233) obtained the products shown in table 11 at 
various t(‘mperatur(\s and with contact times of from 10 to 20 sec. Their 
analyses are not in very good agreement with those of Frey and Smith or 
of Schneider and Frolich (182). 


TABLE 10 


Products of the ethylene decomposition (and polymerization) at 576°C 
(Frey and Smith) 


PDBSTANCB 

TEH CENT 

SUBSTANCE 

PEB CENT 

N, 

0 8 

C3H8 

0 0 

H 2 

0 8 

C4H8 

1 2 

CH4 

2 6 

Cs to Cg 

2 2 

C2II4 1 

84 4 

Higher hydrocarbons 

0 3 

C/ 2 H 6 

3 2 




TABLE 11 

Products of the ethylene decomposition at various temperatures (Wheeler and Wood) 


TEMPER- 

VOLUME PER CENT 

ATURE 

Hi ; 

CH 4 

CiHe 

C 2 H 4 j 

C*Hc 

CiHs 

C4He 

“C. 








650 

0 7 

0 5 ' 

2 0 

89 9 

0 0 

3 8 j 

0.3 

700 

3 2 

4 9 

4 9 

66.2 

2 2 

2 8 

0 4 

750 

7 2 

16 7 

8 6 

47 6 

1 7 

1 5 

0 2 

800 

17.3 

33 7 

6 9 

29 0 

1 1 

0 0 

0 15 

850 

35 8 

49 7 

3.3 

12 2 


0^5 


900 

51 0 

55 2 

2 2 

4 6 


0 0 



In a recent paper Burk, Baldwin, and Whitacre (25) report an investi- 
gation at. 625°C. The products of the reaction were similar to those of 
Frey and Smith The reaction was homogeneous, with an order slightly 
greater than one. They review the proposed mechanisms in some detail, 
and suggest that the results can best be interpreted by assuming that 
polymerization and decomposition both occur, i.e. 

2 C 2 H 4 C 4 H 8 (a) 

C2H4 C2H2 + H2 (b) 

reaction b being followed by further reactions of acetylene to give buta- 
diene, etc. 
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Egloff, Schaad, and Lowry (46) suggest that the primary reaction is 

C2H4 2CH2 

The higher hydrocarbons then result from reactions of the type 

CH2 + C2H4 CaHc 

CH2 + CsHe C4H8 

and also perhaps from the direct reaction 

2C2H4 C4H8 

In addition they assume 

CH2 CH + H C + 2H 

acetylene being formed by 

2 CH C2H2 

Ethane is assumed to be formed by direct hydrogenation of ethylene. It 
should be pointed out, however, that Rice and his collaborators have been 
consistently unsuccessful in attempts to prepare radicals from decomposing 
ethylene, and Rice assigns an activation energy of 150 kg-cal. to the 
reaction 


C2H4 2CH2 

which would rule it out as the primary step. However, as previously 
pointed out, the Rice technique is perhaps not very successful in detecting 
methylene radicals, and this estimate of the activation energy may be alto- 
gether too high. Kassel assigns a value of 77 kg-cal. to the reaction, 
which would make it a feasible primary process. 

Egloff and Wilson (48) have recently reviewed the thermal reactions of 
the hydrocarbons. They base practically everything on the reactions of 
ethylene, which they assume to be the key substance in hydrocarbon 
chemistry. They suggest that the following five primary reactions of 
ethylene are the fundamental ones, all other products being assumed to be 
due to secondary processes, of which there are a very large number. 

Reaction 1: 

2C,H4 CHsCHjCH^CH* {E = 35 kg-cal.) 

-|- C2H4 — ► cyclic products 
H2 — ^ C2H6 " 4 “ C2H4 
-h H2 C4H10 

-1- Ha CH4 + CH8CH«:CH2 
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Reaction 2: 

2 C 2 H 4 2H + 2 CH 2 ==CH {E = 104 kg-cal.) 

-> CH2=CH— CH==CH2 
+ C2H4 — ^ higher hydrocarbons and 
cyclic compounds 


C 2 H 6 (E = 43 kg-cah; E for the reverse reaction = 
73 kg-cal.) 

2 CH 3 (E = 80 kg-cal.) 

+ H H 2 + C 2 H 5 (E =: 17 kg~cal.) 

H + C 2 H 5 (E = 98 kg-cal ) 

Reaction 4: 

C 2 H 4 -“> 2 CH 2 {E = 77 kg-cal. (Kassel); E = 150 kg-cal. (Rice); 

E for reverse reaction = 24 kg-cal ) 

Reaction 5: 

C 2 H 4 — ► C 2 H 2 + H 2 (JS = 125 kg-cal (Kassel) ; E = more than 104 

kg-cal. (Rice)) 

In view of the previous discussion of some of these reactions in this 
review, it will be apparent that a number of these activation energies are 
open to question. Furthermore, the whole scheme is very speculative, 
and it remains to be seen whether or not free radicals really play the 
important r61e assumed by Egloff and Wilson. Their scheme is interesting, 
however, whether true or not, in that it emphasizes the tremendous 
variety of possible secondary reactions. 

Hurd (78), in a review of the pyrolysis of unsaturated hydrocarbons, 
favors the ^^bond opening’^ type of mechanism, viz., 

C 2 H 4 ->CH 2 ~CH 2 

I I 

CHj— CHj + C2H4 ^ CHjCHs + CHs=CH— 

I I 

CH2— CH2 + 2C2H4 ^ CH3CH3 + 2CH2=CH— 

I I 

CHj— CHs + C 3 H 4 -4 CHjCHjCHsCHj, etc. 

II II 

It seems to the witer to be open to question whether mechanisms of this 
sort have any real physical significance, although they have been fre- 
quently suggested for various reactions (14, 15). 


Reaction 3: 
C2H4 + H2 
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It will be apparent from the foregoing discussion that our knowledge of 
the thermal reactions of ethylene in the temperature range from 500° to 
900°C. is very fragmentary, and little is known with certainty. 

At still higher temperatures the reaction again becomes simpler, accord- 
ing to an investigation of Fischer and Pichler (54). At temperatures in 
the neighborhood of 1400°C. and at low pressures the reaction is almost 
completely a straight dehydrogenation to acetylene. The data of Fischer 
and Pichler have been recalculated by Storch (200). 

2. The thermal hydrogenation of ethylene 
The equilibrium 

H2 + C2H4 CaHe 

was investigated by Pease and Durgan (146). The formation of methane 
in a side reaction was a serious complication and affected the accuracy of 
the results. They found that the equilibrium constant (pressures in 
atmospheres) given by 

[GMm] p 

~ [CjHJ 'lOO 

had the values 

T in 
600 
660 
700 

or, 

AF = -RT In jK: = 31,244 - 28.88 T 

Frey and Huppke (68b) have also investigated the equilibrium, its 
attainment being catalyzed by passing the gases over chromium oxide. 
They obtained the following values of the equilibrium constant 


A'atm. 

0.0310 

0.082 

0.20 


T %n ‘’C. 

Katm. 

400 

0.00016 

460 

0.00076 

600 

0.0032 

Their results can be expressed by 

AF = 27,798 - 9.21 T 

logioT + 2.17r 


Their values have been recalculated by Kistiakowsky, Romeyn, Ruhoff, 
Smith, and Vaughan (96a), who give more weight to experiments at short 



374 


E. W. R. STEACIE 


contact times and thus cut down the effects of secondary changes. They 
thus obtain 

A.tm. Tin*C.* 

8.2 X 10-» 400 

5.6 X 10-^ 460 

2.4 X 10-* 600 

The equilibrium has also been investigated by Vvedenskii, Vinnikova, and 
Frost (231a). 

The equilibrium has recently been reinvestigated by Storch and Kassel 
(203a). They correct for the production of methane and propylene as 
described in section IIB, and thus obtain the values given in table 11 A. 
These values are lower than those of Pease and Durgan, and of Frey and 


TABLE llA 

The ethane-ethylene equilibrium at 666°C. {Storch and Kassel) 


TIME 

INITIAL PRB8SURBS 

FINAL PRBSSnREB 

K 

CaHe 

C2H4 

Ha 

CnHan 

CiH 4 

CjH« 

Unoor- 
rected for 

CiHi 

Corrected 
for CiHt 

mxn. 

mm. 

mm. 

mm. 

mm. 

mm. 

mm. 

atm 

atm.-i 

60 

1299 9 

149 9 

65 0 

178 2 

132 4 

1216 8 

0 0125 

0 0093 

60 

616.8 

76 4 

41 6 

107 7 

95 1 

671 9 

0.0103 

0 0091 

60 

716.3 

0 0 

64 7 

64 9 

58 7 

642.8 

0.0086 

0 0078 

60 

1432 5 

0 0 

108 7 

108 4 

86 3 

1306 0 

0 0119 

0 0093 

120 

1472 3 

0 0 

121 2 

115 1 

68 4 

1295 5 

0 0142 

0 0072 

120 

377 6 

0 0 

63 6 

1 49 8 

42 7 

318 1 

0 0110 

0 0096 

Average. 

0 0087 


Huppke as recalculated by Kistiakowsky et al. However, Pease and 
Durgan determined ethylene by absorption with bromine water, and thus 
their ^^ethylene’^ was really C2H4 + CsHc. Storch and Kassel attempt to 
correct for this and get 

K = 0.020 at 600®C. 

K = 0.052 at 650°C. 

These values are in good agreement with their own work. They are also 
in much better agreement with the calculations of Smith and Vaughan 
(187a) based on spectroscopic and thermochemical data. 

Pease (142, 144) investigated the rate of the hydrogenation reaction. 

* In the original paper, owing to a typographical error, these temperatures are 
given as °K. instead of °C. 
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He found that, in the main, the hydrogenation went smoothly to ethane, 
although a small amount of polymerization of ethylene occurred as well. 
The reaction was almost entirely homogeneous and of the second order. 
A steric factor of 0.1 was found, which is surprisingly high for an associa- 
tion reaction between comparatively simple molecules. The rate of the 
reaction was given by 

logio k = 5.576 — liter mol.“^ sec.”^ 

As mentioned before, combination of this result with Marek and McCluer^s 
data for the reverse reaction gives calculated equilibrium constants in 
excellent agreement with those found by Pease and Durgan. A few ex- 
periments on the hydrogenation of ethylene were also made by Frey and 
Smith (59). 

Pease and Wheeler (149, 232) compared the rates of hydrogenation of 
ethylene with hydrogen and with deuterium. For the homogeneous 
reaction at 500®C. they found that the reaction with hydrogen was the 
faster by a factor of 2.5. This is about what one would expect on the 
basis of the difference in zero-point energies and collision frequencies. 

3. Free radicals and the reactions of ethylene 

Rice and Herzfeld (162) have suggested a free-radical mechanism for 
the ethylene hydrogenation, viz., 


E tn kg«jl. 


C2H4 

+ H2 

-> H + C2H6 

60 

H + 

C2H4 


10 

C2H6 

+ H2 

-4 H + C2H6 

25 

H + 

C2H5 

or 

C2H, \ 

— * C2H4 + H2j 

Small 


C2H5 

^ C2H4 + H 

49 


2 H 


Triple collision 


This leads to good agreement with experiment, but in view of the criticisms 
which have already been raised against the Rice-Herzfeld mechanism for 
the reverse reaction (the ethane decomposition) it seems very unlikely that 
the above scheme holds. In any case, the activation energies assigned to 
the individual steps are in need of revision. 

There is abundant evidence, on the other hand, that ethylene is affected 
by the addition of free radicals. 

In the course of an investigation of the oxidation of ethylene, Lenher 
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(108) found that the substance polymerizes much faster in the presence 
of oxygen than it does alone. Thus from 1 to 5 per cent polymerized in 3 
sec. at temperatures from 480° to 600°C. in the presence of 0.5 to 0.7 per 
cent oxygen. The product was propylene, together with a small amount 
of butylene. Lenher concluded that the only reasonable assumption was 
that in the presence of oxygen we have 

C2H4 2CH2 


C2H4 + CH2 CsHe 

the dissociation into methylene radicals perhaps occurring through the 
intermediate formation and decomposition of a peroxide. 

Taylor and Jones (207, 215) made the first experiments on a reaction 
sensitized by free radicals, following a suggestion made by Taylor (206) 
in 1925. They decomposed mercury and lead alkyls in a hydrogen- 
ethylene mixture, and found that there was some hydrogenation, but that 
the main result was polymerization of the ethylene. The reaction was 
shown to be independent of surface effects. They suggested that the 
mechanism was 


Hg(C2H5)2 Hg + 2 C 2 H 5 
C2H5 + C2H4 (+ M) C4H9 (+ M), etc. 
followed by the disappearance of the radicals by reactions of the type 
CnH2«+l + C2H5 C2H6 + CnH2n 
CnH2n-M + C2H4 C2H6 + CnH2n 

They pointed out the striking parallelism between these results and those 
of Taylor and Hill on the mercury-photosensitized reaction (q. v.). 

Bice and Sickman ( 170 , 185 ) found that ethylene was polymerized in 
the presence of decomposing azomethane at 300 °C. They used a wide 
range of partial pressures of both substances and found that the initial 
rate of polymerization was proportional to 

[azomethane]* [C2H4]* 

Pressure-time curves of the ordinary shape were obtained, instead of the 
autocatalytic type usually found in thermal polymerizations. The average 
values of the velocity constants were 

^810* = 6.5 X 10“® mm.“^ sec."”^ 

&290* = 3.0 X lO"^ mm.“^ sec.-^ 
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4. The photodecomposition of ethylene 

Early investigations did not distinguish very clearly between the direct 
photochemical reactions of ethylene and the mercury-photosensitized 
reaction. 

The first definite information on the direct photoreaction was obtained 
by Mooney and Ludlam (127). They found that ethylene did not absorb 
light of wave length greater than 2130 A.U. to any appreciable extent, and 
concluded that nothing was to be expected from investigations with a 
mercury arc source (provided that mercury vapor is kept out of the reaction 
vessel, otherwise, of course, the mercury-photosensitized reaction will 
come into play). Mooney and Ludlam used as source an aluminum spark 
with a high intensity at 1860 A.U. and found that acetylene was formed. 
They suggested that the mechanism was perhaps 

C2H4 C2H2 + 2H 

Qualitative observations by Lind and Livingston (112) are in agreement 
with these results. Taylor and Emeleus (211, 212), however, showed that 
a mercury arc did cause appreciable polymerization of ethylene, and they 
concluded that this was to be ascribed to absorption by ethylene of wave 
lengths near the limit of transmission of silica. 

Recently McDonald and Norrish (116) have reinvestigated the reaction, 
using a hydrogen lamp source and a fluorite apparatus. They were thus 
able to work with light of shorter wave lengths. Hydrogen, a polymer, 
and a condensable gas were formed under these conditions. Spectro- 
scopic observations suggest (71, 151, 152) that the primary process is 

C2H4 2CH2 

If this is so, the polymerization is easily explained as due to 
C2H4 “f“ CH2 — ^ CjHg, etc. 

The formation of hydrogen is hard to explain, however, since on this basis 
it could only arise by 

2CH2 C2H2 + Ha 

and this reaction would be very unlikely on account of the small concen- 
tration of methylene radicals. As an alternative explanation they suggest 

C2H4 C2H2 + 2 H 

together with 

CaH 4 C2H2 + Ha 

followed by secondary reactions of hydrogen atoms to yield ethane and 
butane. Further work is promised from Norrish^s laboratory. 
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5. The mercury-photosensitized reactions of ethylene 

The first investigation of this kind was that of Berthelot and Gaudechon 
( 12 ), who found that an oily polymer was formed, with no gaseous products. 
Landau (103) similarly found that on long exposure to a mercury arc 
ethylene (in the presence of mercury vapor) could be completely poly- 
merized to condensable products. 

The first quantitative measurements were made by Taylor and Bates 
(4, 209), using a cooled mercury arc. They found that polymerization 
occurred, together with the formation of acetylene, hydrogen, and some 
methane. They point out that a great many different reactions are 
possible in such a system. Thus, for example, 

Hg* + C 2 H 4 C 2 H 2 + H 2 

Hg* + C 2 H 2 C 2 H 2 * 

C 2 H 2 * + nC 2 H 2 cuprene 

Hg* + H 2 2 H 

H + C 2 H 4 C 2 H 6 

C2H6 + C2H4 C4H9 etc. 

It also follows that it is impossible to treat the polymerization reaction 
and the reaction of ethylene with hydrogen atoms entirely separately. 

The polymerization was also investigated in a similar way by Olson 
and Meyers (133) and by Taylor and Hill (214). A brief investigation 
was also made by Melville (125), who found acetylene, hydrogen, and 
condensable products, in agreement with other investigators. He adopts 
the primary step suggested by Taylor and Bates, and ascribes all further 
changes to secondary reactions of acetylene. There is no doubt that the 
processes occurring are far too complicated to be disentangled at present. 

Taylor and Bates (5, 208) have also shown that ethylene can be poly- 
merized by cadmium photosensitization, using the resonance line at 3262 
A.U. as a source. This corresponds to a much smaller quantum than in 
the mercury-photosensitized reaction, viz., 87,000 cal. Jungers and Taylor 
(81) attempted to investigate the sodium-photosensitized reaction, using a 
commercial sodium lamp as a source (the sodium D line corresponds to 
48 kg-cal.). They found that ethylene quenched the resonance, but that 
no polymerization occurred. 

6 . The reaction of ethylene with hydrogen atoms 

This reaction has been investigated by the Wood-Bonhoeffer method 
by von Wartenberg and Schultze (231). They found that chemilumi- 
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nescence occurred, the emitted light corresponding to the C — C and C — H 
bands, and that the reaction was rapid and yielded principally ethane, 
with a little acetylene. Geib and Harteck (62) found that ethane was also 
formed when ethylene and hydrogen atoms were brought together at 
liquid-air temperature. 

By mercury photosensitization the reaction was first investigated in a 
qualitative way by Taylor and Marshall (216), using a cooled mercury arc 
as a source. They found that there was a steady drop in pressure, pre- 
sumably owing to the formation of ethane. With a hot arc (in which the 
resonance line is reversed) there was Ho reaction, showing that the primary 
process was 

Hg* -b Ha -> 2H 

The rate was very high for the intensity of the light used, suggesting a 
chain reaction. 

Olson and Meyers (133) also investigated the reaction by the same 
method. They found that the drop in pressure was not quite that cor- 
responding to the reaction 

C2H4 + H2 C2H6 

perhaps owing to the formation of some methane. In a later paper (133a) 
they showed by mass-spectrographic analysis that methane, ethane, pro- 
pane, and butane were formed. When hydrogen and ethylene were present 
in about equal quantities, considerable higher hydrocarbons were formed 
and very little methane. Thus with initial pressures of 39 cm, of hydrogen 
and 25 cm. of ethylene the relative amoimts of the products were as follows: 
CH4 = 0.018; C 2 H 6 = 1; CsHs = 0.64; C4H10 = 0.42. If, however, 
hydrogen was in large excess the situation was reversed and very little 
propane and butane were formed. For example with 40 cm. of hydrogen 
and 2 cm. of ethylene they found the following relative amounts; CH4 = 
0.22; C 2 H 6 = 1; CsHs = 0.04; C 4 H 10 = 0.0008. They conclude that three 
primary processes occur, 

Hg* + Ha 2H 

Hg* + C2H4 C2H2 + Ha 

Hg* + C2H4 2CHa 

Bates and Taylor (4) also found that some polymerization accompanied 
the formation of ethane. The occurrence of the reaction was also noted by 
Hirst (74). 

By far the most thorough investigation is that of Taylor and Hill (213, 
214). They found that when hydrogen was in large excess the products 
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were practically exclusively ethane, but with relatively more ethylene 
higher hydrocarbons were formed (average C4) including a liquid of molec- 
ular weight about 230. Some methane was also formed. There is thus 
fairly good general agreement between the work of Taylor and Hill and 
that of Olson and Meyers. Since the products of higher molecular weight 
react faster than those of lower, the process becomes extremely compli- 
cated once higher products have started to form, and the liquid product 
presumably results from secondary reactions of saturated hydrocarbons. 
(Compare with the photosensitized reactions of ethane, for example.) 
With a very large excess of ethylene some acetylene is formed. 

Taylor and Hill conclude that the apparently simple results of von 
Wartenberg and Schultze were due to the low pressure and large excess of 
hydrogen used in their experiments. They discuss the possible reaction 
steps in some detail, and conclude that the main reactions are 

C,H4 + Hg* ^ C& + H2 + Hg 

C 2 H 2 + Hg* cuprene (after a series of reactions) 

C2H2 + H — > liquid polymer 
H2 + Hg* 2H + Hg 
C 2 H 4 + H 2 + M CaHe + M 
C2H4 + H -f- M C2H6 + M 

together with various reactions of radicals, etc., leading to the formation 
of products of higher molecular weight. 

The reaction has also been investigated by Klemenc and Patat (96). 
They agree with Taylor and Hill in general, but consider that the hydro- 
genation process is never as smooth as found by them, and is always ac- 
companied by some polymerization. The polymerization process is 
complicated, but they suggest that it occurs mainly by the preliminary 
formation of acetylene and hydrogen, followed by polymerization of the 
acetylene as suggested by Taylor and Hill. 

Melville (124) compared the reactions of ethylene with hydrogen and 
with deuterium atoms. He found no detectable difference in rate, and 
therefore concludes that the rate-controlling step must be hydrogen-atom 
or a deuterium-atom reaction, since otherwise the difference in zero-point 
energies would make itself felt. 

Taylor and Emeleus (210) have shown that the ethylene pol 3 rmerization 
can be photosensitized by ammonia, presumably owing to hydrogen atoms 
or to radicals from the ammonia decomposition. Similar results were 
obtained using methylamine and ethylamine (212). 

In a recent paper Taylor and Jungers (215a) report an investigation of 
the acetone-photosensitized polymerization of ethylene over a wide range 
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of temperature. There is no doubt (132a) that the primary step is the 
photodissociation of acetone to yield free methyl radicals, which then 
induce polymerization of the ethylene. Taylor and Jungers find that the 
polymerization occurs readily at room temperature, and that the tem- 
perature coefficient of the reaction is very small. The maximum effect 
found was the polymerization of eleven ethylene molecules per methyl 
radical, assuming two methyl radicals from each decomposing acetone 
molecule. They conclude that the relatively high activation energy 
(35 to 42 kg-cal.) of the thermal polymerization process is the activation 
energy of the primary step, possibly involving the formation of a free 
radical. Once free radicals are produced, it appears that subsequent 
polymerization reactions proceed with a low energy of activation. 

B, Propylene 

Frey and Smith (59) investigated the thermal decomposition of propy- 
lene at one temperature only, but made very thorough analyses of the 
products of the reaction. At 575®C., an initial pressure of 1 atm., and a 
contact time of 4 min., they obtained the following results: 


PBODUcrr 

PBB CENT 

PBODUCT 

PBB CENT 

Na 

0.4 

C,H. 

68.9 

H, 

1.7 

C*Ha 

3.0 

CH4 

10.7 

C 4 H 8 

2.8 

CaH4 

8.0 

Cs to Cs 

2.6 

C 2 H 6 

1.9 

Higher hydrocarbons 

0.0 


It will be seen that at these high temperatures the reaction is mainly 
decomposition rather than polymerization. Assuming the reaction to be 
of the first order, the above results give a velocity constant for the reaction 
of about 0.0012 8ec.“^ This is about 10 per cent faster than the decom- 
position of ethylene under the same conditions. 

The reaction has recently been investigated by Moor, Strigaleva, and 
Frost (127b) by a flow method. They worked at atmospheric pressure, 
and at temperatures from 610° to 726°C. The products of the reaction 
were roughly as follows: 


PB0DUCT8 

MOLBM pee 100 MOLES OP 
PBOPTLSNE BEACTINO 

At 610 to 
644’C. 

At 644 to 
726“C. 

C* and higher hydrocarbons 

60 . 

50 

Saturated hydrocarbons (chiefly methane) 

20 

30 

C 8 H 4 

40 

50 

H, 

15 

15 
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The reaction was neither of the first nor of the second order, the calculated 
first-order constants increasing rapidly with increasing percentage con- 
version. This is probably due to the fact that the primary step is of the 
first order, but that there are many complicating secondary processes. 

A qualitative investigation of the reaction has also been made by 
Mitsengendler (126a). 

The polymerization reaction at lower temperatures has been investigated 
by Krauze, Nemtzov, and Soskina (99, 101). The reaction is found to be 
mainly 

2C3H6 -> CeHia 

and the rate can be expressed by the equation 

logio k = 10.2 - mol.“^ sec."^^ 

Frey and Smith (59) have also reported a few experiments on the “hy- 
drogenation” of propylene at 575°C. and 1 atm. pressure. The results arc 
given in table 12. It will be seen that the reaction is still mainly decom- 
position and polymerization, and that little real hydrogenation occurs at 
this temperature. 

C. The higher olefins 

Egloff and Parrish (43) point out that the activation energies of the 
polymerization reactions of the olefins are about 38 to 40 kg-cal. This is 
much less than the energy required to break bonds, and hence the poly- 
merization reactions predominate at lower temperatures for all the olefins. 
For comparative purposes the “temperatures of initial decomposition” 
are of interest. The temperature of initial decomposition is arbitrarily 
defined at the temperature at which a noticeable amount of decomposition 
will just occur in six hours. Some typical values are given in table 13, 
and are compared with the values for the corresponding saturated hydro- 
carbons. 

Most of our knowledge of the polymerization reactions of the higher 
olefins comes from the work of Krauze, Nemtzov, and Soskina, who have 
investigated the polymerization at high pressures of ethylene (98, 100), 
propylene (99, 101), the butylenes, and amylene (99, 102) in the tempera- 
ture range 300° to 400°C. The reactions are all of the second order, the 
products being mainly but not exclusively those corresponding to a straight 
association to give an olefin with twice the number of carbon atoms. The 
rate of polymerization falls off slightly with increasing molecular weight. 
The kinetic constants are summarized in table 14. 

With the exception of the values for isobutylene, it will be seen that A 
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and E are almost the same for all members of the series. The difference 
in the case of isobutylene is of considerable interest, if real. However, 
the fact that both A and E alter in such a way as to compensate for one 


TABLE 12 

The ^ ^hydrogenation'^ of propylene at 676°C. and 1 atm. (Frey and Smith) 


SUBSTANCE 

TIME 

0 mm 

1 min. 

2 mm 

4 mm. 

6 mm 

N2 

0 7 

0.6 

0.6 

0.7 

1.0 

H2 

64.7 

63.0 

49 4 

48 4 

49.9 

ciu 

0.0 

1.8 

4 2 

7.6 

9.4 

C 2 H 4 

0.3 

1 6 

2 7 

6.2 

6 1 

C 2 H 6 


0 4 

1 2 

1 7 

1 9 

C 3 H 0 

43.7 

40 1 

37 7 

31 3 

25.0 

CsHa . 

0 6 

1 2 

1.8 

3.0 

4 3 

Higher hydrocarbons 

0 0 ! 

1 4 

2.4 

2 4 

2.4 


TABLE 13 

Temperatures of initial decomposition of hydrocarbons (Egloff and Parrish) 


HTDKOCARBON 

TEMPEB- 

ATURE 

HTEBOCARBON 

1 

TEMPER- 

ATUBB 


“C. 


“C. 

Ethylene 

380 

Methane 

640 

Propylene 

357 

Ethane 

450 

2-Butene 

350 

Propane 

425 

1 -Butene 

325 

n-Butane 

400 

1- or 2-Pentene. 

390 (?) 

n-Pentane 

391 


TABLE 14 

The polymerization of the olefins (Krauze et al) 


BEACnON 

E 


COLUSION 

EFFICIENCY 

2CaH4 C4H, 

cal. 

37,700\* 

10.8 

4 X 10-» 

2C,H, -► C,H.2 

37,400/ 

10 2 

1 X 10“« 

2 C 4 H 8 C,H„ 

38,000 

10.0 

6 X 10-^ 

2isO“C4H8“^ CsHie 

43,000t 

12.3 

1 X 10-1 

2 C 6 H 10 C 10 H 20 

38,000 

9.8 

4 X 10“* 


* In a later paper (102) the activation energies of these reactions are given as 
38,400 and 38,000 cal., respectively. 

t The equilibrium in tMs reaction has been investigated at high pressures by 
Dobronravov and Frost (34a) who found 

logio PCiH, / PcjHu “ + 6.049 
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another makes the result somewhat open to suspicion. The difference 
between the values for isobutylene and the others can be shown in another 
way. Bawn (6) has calculated the collision efficiencies of all the above 
reactions (i.e., the ratio of the number of molecules reacting to the number 
possessing the energy of activation, as calculated from the kinetic theory) . 
His results are given in the last column of table 14, and it seems very 
unlikely that there should be such a great difference between the two 
butylenes, although it is worthy of note that the rather uncertain results 
on the decomposition of n-butane and isobutane (q.v.) are also widely 
different. Of course, none of these reactions is entirely simple, and in 
every case some of the primary products are polymerized further. It may 
well be that some such secondary process is the cause of the discrepancy. 
In any case the results are of very definite interest, and the reactions of 
the two butylenes would be well worth reinvestigation. 

The decomposition at higher temperatures of pentene-'2 was investi- 
gated by Pease and Morton (148), but not very thoroughly. They found 
that the reaction was definitely homogeneous and unimolecular, the pres- 
sure mcrcase accompanying it was almost exactly 100 per cent, and the 
pressure-time curve was very regular. The products of the reaction cor- 
responded to 

CH3CH2CH=CHCH3 CH 4 + CH 2 =CH— CH=CH 2 

CH3CH2CH=CHCH3 C 2 H 4 + CaHfl 

together with some formation of CH 8 CH 2 CH=CH 2 . The rate was given 
by the equation 

logio k = 13.33 - f 

The high-temperature decomposition of butene-2 has been investigated 
by Moor, Frost, and Shilyaeva (127a). The reaction has no simple order, 
presumably owing to complications due to secondary processes. A com- 
plicated set of products is obtained. 

The homogeneous thermal isomerization of butene-2 was investigated 
by Kistiakowsky and Smith (95). The reaction is complex and the results 
are difficult to interpret, probably owing to chain processes. 

The equilibrium in the reaction 

n-butene ^ isobutene 

has been investigated by Serebryakova and Frost (183a). 

Frey and Huppke (58b) have investigated the equilibria in a number of 
olefin hydrogenation reactions. Their results are summarized in table 



KINETICS OF REACTIONS OP HYDROCARBONS 


385 


14A, and equilibrium constants for a few temperatures are given in table 
14B. These results and others have recently been reviewed by Parks 
{134b). Thermodynamic data for the olefins have been summarized by 
Thomas, Egloff, and Morrell (218a), and thermochemical data by Rossini 
(172a) and Rossini and Knowlton (172b). 

The only other kinetic investigations of importance are those of Vaughan 
(228, 229), who found that the polymerizations of isoprene and of buta- 

TABLE 14A 


Equilibria in a number of olefin hydrogenation reactions 


REACTION 

VALUES OF AF 

TALtras or 
*^«c"o. 

C,H, CjH, + H, 

SF - 27,798 - 9.2ir logic T + 2.17r 

calorieM 

11,730 

CbHs ?::! CsHg + H, 

AF - 26,920 - 9.2ir logic T - 0.217 

8,260 

n-C4Hio ?=t CsH.CH^CHa -f- 

AF - 26,790 - 9.217 logic 7 - 0.217 

8,120 

H 2 



n-C 4 Hio c{s-CH»CH-=CH- 

AF = 26,680 - 9.217 logic 7 - 0.217 

7,910 

CH, + H 2 



n-C4Hio i;ra7i5-CHsCH=*CH- 

AF - 26,090 - 9 217 logic 7 - 0.217 

7,420 

CH, + Ha 



i8o-C4Hio (CH,)2C=«CH2 + 

AF - 23,900 - 9.217 logic 7 - 0.217 

6,230 

Ha 




TABLE 14B 

Equilibrium constants for dehydrogenation reactions of paraffins (Frey and Huppke) 

BQtJILXBRXUM COHBTAMT 



m*c. 

400*C. 

460*C. 

fi00*C. 


atmr^ 


atmr^ 

aimri 

CaHe 4^ C 2 H 4 4- Ha 


0.00016 

0.00076 

0.0032 

CaHg CgHe 4 H, 

0.00038 

0 0022 

0.0074 


n-C4Hio CaH6CH«»CHa 4 Ha 

0.00046 

0.0022 

0.0076 


n-C4Hio ci8-CH,CH«CHCH8 4 Ha 

0.00083 

0.0039 

0.014 


n-C4Hio iranfi-CHgCH—CHCH, 4 Ha 

0 00062 

0.0026 

0.0087 


iso-C4Hio (CH,)2C=«CH2 4 Ha 

0 0017 1 

! 

0.010 

0 042 



diene were homogeneous second-order reactions. For 1,3-butadiene his 
results are given by 

logic k = 7.673 — liter mol.“* sec."* 

The steric factor is small, corresponding to a collision efficiency of 1/10,300, 
as might be expected for an association reaction. The reaction has also 
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been investigated by Moor, Strigaleva, and Shilyaeva (128), results sim- 
ilar to those of Vaughan being obtained. For isoprene Vaughan found a 
rate given by 

ifc = 2.19 X 10“ _i ggp _i 

with a steric factor of about 1/530. 

Lind and Livingston (112) have investigated the photopolymerization 
of allene. They find the quantum yield to be about 2.5, independent of 
the pressure and the light intensity. The light absorption commences 
below 2380 A.U. and is strong below 2300 A U. They also studied the 
photopolymerization of isoprene in a qualitative way. 

IV. ACETYLENIC HYDROCARBONS 

It will be apparent from the preceding sections that our knowledge of 
the reactions of the olefins is in a much less satisfactory state than is that 
of the paraffins. On account of the complexity of the reactions, the im- 
satisfactory state of our knowledge is still more pronounced in the case 
of the acetylenic hydrocarbons, and little is known with certainty about 
the elementary processes. 

A, Acetylene 

1. The thermal decomposition and polymerization 

No attempt will be made to review the enormous literature on the effect 
of heat on acetylene, since comprehensive discussions from a pyrolytic 
point of view already exist (40, 42). The products of the reactions are 
usually so complicated as to defy analysis; consequently very little is 
known which is of value from the standpoint of this review. We shall 
therefore discuss only those papers which seem to bear on the main features 
of the processes. 

At low temperatures (below 600°C.) polymerization is almost the only 
reaction of acetylene, the products being either a yellow solid, probably 
cuprene, or a liquid of aromatic character. From 600° to 1000°C. poly- 
merization and decomposition both occur, the decomposition products 
being carbon, hydrogen, and some methane. Above 1000°C. decom- 
position is the only reaction of importance, and the decomposition is 
complete at 1200° to 1300°C. (10). At still higher temperatures some 
acetylene exists in equilibrium with hydrogen, carbon, and methane (18, 
153, 154). 

Although a very large number of papers have been published on the 
high-temperature decomposition of acetylene, very little is known about 
the kinetics of the process, and little can be added to the information 
derived from the early work of Bone and his collaborators. Bone and 
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Coward (16, 17) found that at 800®C. and higher acetylene always ^‘flashed’^ 
on being admitted to the reaction vessel unless largely diluted with nitrogen 
or hydrogen. This explosive characteristic, due to the exothermic nature 
of the reaction, prevents any accurate determination of the rate of the 
reaction under isothermal conditions. The pressure and temperature 
limits at which explosion occurs have been determined by Schlapfer and 
Brunner (180). Bone and Coward found that a certain amount of poly- 
merization accompanied the decomposition during the ^^flashing.” The 
products, apart from carbon, were mainly methane and hydrogen. At still 
higher temperatures polymerization decreased, and the reaction became a 
practically straight decomposition as shown by table 15. Bone and 
Jerdan (19) found that at 1150°C. decomposition was 90 per cent complete 
in 1 min. Methane was formed in large quantities in the early stages of 
the process, and was later partially decomposed. 

While a great deal of further work has been done on the production of 
various compounds from acetylene by pyrolysis, it cannot be said that 
much is known about the mechanism of the process. The original mech- 
anism proposed by Bone and Coward for the decomposition was a split 
into radicals 


C 2 H 2 2CH 

which later recombined or were hydrogenated to give methane and other 
products. It is now known that such a primary step would be impossibly 
endothermic. Hurd (78) suggests that the primary step involves the 
rupture of only one bond, 

C2H2-^CH=CH 

I I 

CH=CH + CjHj CH«=CH + CH=C— 

I I I 

CH=C > H + 2C 

This type of mechanism was originally suggested by Mecke (123) and 
Bodenstein (14), and is, of course, purely speculative. The mechanism 
has also been discussed by EglofiF and Wilson (48). 

Rather more information is available concerning the polymerization 
which occurs at lower temperatures. The first data of any kinetic sig- 
nificance were obtained by Pease (141), using a flow method. He found 
that at low temperatures the reaction was almost entirely polymerization, 
very little permanent gases (hydrogen, methane, and olefins) being formed 
at temperatures below 550® to 600®C. The liquid polymerization products 
were a complex mixture. Pease suggests that the primary product is 
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(C 2 H 2 ) 4 . Zelinski (237), on the other hand, found diacetylene to be a 
product, and suggested that the primary step was 

2 C 2 H 2 (C2H2)2 

The reaction appears to be homogeneous, the rate being reduced to about 
one-half on packing the reaction vessel. Pease suggests that this is due 
to improved dissipation of heat in the packed vessel. (The polymerization 
is highly exothermic ; thus for the reaction 3 C 2 H 2 CeHe there is an evolu- 
tion of about 150 kg-cal. per mole.) Pease foimd that the reaction was 
roughly bimolecular, although he did not make a very thorough investiga- 
tion of the order of the reaction. The bimolecular velocity constants for 
experiments at 1 atm. pressure are given in table 16. 


TABLE 15 

The thermal reactions of acetylene (Bone and Coward) 


Temperature 

Pol 3 rmerization (per cent of acetylene consumed) . . 

600*C. 

19 

lOOO'C. 

7.6 

1160*^. 

6 

QABSOUS PRODUCTB 

MOLB PBB CBNT 

Acetylene 

1 35 

1.55 

0 0 

Ethylene . . . . 

0.45 

2.60 

0 0 

Ethane 

0 50 

0.0 

0 0 

Methane ... 

1 32.40 

36.00 

23 45 

Hydrogen 

1 63 50 

59.85 

76 55 


The reaction was also investigated by the static method in a rather 
sketchy way by Schlapfer and Brunner (180). They found it to be homo- 
geneous in Pyrex and quartz, a one hundred-fold increase in surface having 
no effect. They state that the results of analyses show that the reaction 
can be accurately followed by the pressure change; no analytical results 
are given, but presumably they followed the reaction by analyzing for 
unchanged acetylene. The products are complex, the average molecular 
weight being higher at low temperatures than at high. No data of any 
kind are. given except for one run at 420®C., the results of which are given 
in table 17. It will be seen that the velocity constants fall when calculated 
for a first-order reaction, and rise when calculated for a second-order 
change. The real order is evidently about 1.5 for this experiment, but it 
is impossible to place much confidence in the results of a single run. For 
this run neither the initial pressure nor the units in which the velocity 
constants are expressed are given. The unimolecular constants are ob- 
viously in min.-^ and the bimolecular constants are presumably expressed 
in liter mol.'^^ sec.^K If these assumptions are correct, their rates are 
very much faster than those of other observers. 
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A more thorough investigation was made by H. A. Taylor and van Hook 
(205), who also employed the static method. They followed the reaction 
by pressure change and obtained very reproducible results provided that 
the reaction vessel was aged for one or two runs. They found that an end 
point was reached when the pressure had decreased to 0.325 of its original 
value. No analyses of any kind were reported, but in view of Schlapfer 
and Brunner^s statement it is probably safe to assume that the pressure 
change is a reliable measure of the extent of reaction. Taylor and van 


TABLE 16 

The thermal polymerization of acetylene (Pease) 


TBUPUBATUBB 

BIMOLBCtTLAB VBLOCITY CONSTANTS FOB 
BXPBRINBNT8 AT 1 ATIC. 

“C. 

liter mol 

450 

0.00018~§ 00022 

475 

0 00034-0.00050 

500 

0 0011 -0.0015 

525 

0.0030 -0.0045 

550 

0.0050 -0.011 

575 

0.0099 -0.023 

600 

0.024 -0 033 


TABLE 17 

The polymerization of acetylene at 4B0°C, (Schldpfer and Brunner) 


TIMB 

PBB CBNT BBACTED 

^uaimol. 

^blmol 

mtn. 




30 

13.8 


0 0054 

60 

27.8 

0 0059 

0.0065 

120 

47.2 

0 0052 

0 0074 

180 

56.2 

0.0043 

0 0071 

300 

71.5 

0.0036 

0.0084 


Hook accept Pease^s suggestion that the primary product is (C 2 H 2 ) 4 , and 
assume that some accompanying ‘decomposition accoimts for the final 
pressure being 0.325 of the initial pressure rather than 0.25. The reaction 
is apparently bimolecular in the early stages, but the constants deviate 
later. No test of the homogeneity of the reaction was made. Taylor and 
van Hookas velocity constants are compared with those of other workers in 
table 18. It will be seen that their rates are greater than those of Pease 
by a factor of about 2. Their results lead to an actiyation energy of 
40,500 cal., but since no attempt was made to sort out the decomposition 
and the polymerization reactions this value is probably not very accurate. 
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On the basis of this activation energy they calculate a collision efficiency of 
They conclude that the simplicity of the molecule is responsible for the 
surprisingly high collision efficiency for an association reaction of this type 
(compare the polymerization reactions of the olefins). Actually one would 
expect a lower efficiency the simpler the molecule. It seems probable that 
complications due to the presence of the simultaneous decomposition 
reaction are responsible for the high apparent collision efficiency. 

TABLE 18 


The polymerization of acetylene (Taylor and van Hook) 


TBMPKRATUBE 

k 

OBSERVER 

“C. 

liter molr^ aeer^ 


420 

0 005-0 008 

Schlapfer and Brunner 

495 

0 0039 

Taylor and van Hook 

500 

0.0011-0 0015 

Pease 

515 

0.0078 

Taylor and van Hook 

525 

0.0030-0.0045 

Pease 

535 

0 0145 

Taylor and van Hook 

550 

0 0049-0.011 

Pease 


Travers (224) also gives the results of two experiments on the poly- 
merization of acetylene. These do not contribute anyi^hing new to the 
situation. 


2, The thermal hydrogenation of acetylene 

The thermal hydrogenation of acetylene was also investigated by Taylor 
and van Hook. The actual hydrogenation is difficult to disentangle, since 
decomposition and polymerization are both occurring at a much faster 
rate than the hydrogenation. Taylor and van Hook attempted to sepa- 
rate the effect of the hydrogenation reaction from that of the others on 
the basis of the pressure change alone, without analyses of any kind. The 
results are therefore highly speculative. The velocity constants thus 
derived are as follows: 


TEMPERATURE 

^hydrogenation 

•c. 

liter molr^ 

495 

0.00019 

505 

0.00028 

515 

0.00039 

526 

0.00066 

535 

0.00076 
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These lead to an activation energy of 42,000 caL Taylor and van Hook 
calculate a collision efficiency for the reaction 

C2H2 + H2 C2H4 

of as in the case of the polymerization. In these calculations they use 
the surprising value of 1 X 10“® cm. for the diameter of the hydrogen 
molecule. The collision efficiency is again unexpectedly high for an 
association reaction involving simple molecules. It seems probable that 
the activation energies of both reactions are somewhat in error, the true 
values being lower than those given, and hence the collision efficiencies are 
also smaller. In any case, the existing data on both reactions are far from 
final. 

3. The reaction of hydrogen atoms with acetylene 

The reaction of hydrogen atoms with acetylene was investigated by 
Bonhoeffer and Harteck (23), and by von Wartenberg and Schultze (231). 
In the presence of acetylene it is found that the recombination of hydrogen 
atoms is strongly catalyzed, heat is given out, and there is a strong emission 
of light corresponding to the CH and C 2 bands. However, practically 
all the acetylene is recovered unchanged, so that presumably a series of 
reactions occur which consume hydrogen atoms and eventually regenerate 
acetylene. That such is the case is proved by an investigation of the 
reaction of acetylene with deuterium atoms by Geib and Steacie (64, 65). 
It was found that the acetylene recovered after the reaction was almost 
completely exchanged to deuteroacetylene. Apparently, then, the acet- 
ylene must be alternately hydrogenated and dehydrogenated. The reac- 
tion occurs so quickly that three-body processes are ruled out. Also, 
we can eliminate a mechanism of the type 

C 2 H 2 + D C 2 H -h HD (1) 

C 2 H + D 2 C 2 HD + H (2) 

both on energetic grounds, and because the atoms removed from the system 
by reaction 1 would be regenerated by reaction 2 and no “catalytic'^ 
recombination would occur. The mechanism, therefore, must be anal- 
ogous to that previously discussed in the case of ethane, viz., 

C2H2 + D CaH + HD 

CaH + D C2HD 

It is also possible that the exchange occurs through the formation of a 
quasi-molecule, C 2 H 2 D, i.e., 

CaHa + D~> CaHaD 
CaHaD + D CaHD + HD 
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However, if the quasi-molecule had a long enough life to make such a 
mechanism possible, we would also expect the reaction 

D + CaHaD C 2 H 2 D 2 

to occur, and actually no appreciable quantity of ethylene is formed. As 
von Wartenberg and Schultze point out, the absence of hydrogenation 
to ethylene is somewhat surprising, since acetylene is very easily hydro- 
genated to ethylene by metal catalysts. Hydrogenation of acetylene to 
ethylene is also absent when the hydrogen atoms are produced by photo- 
sensitization with mercury (4). 

Geib and Harteck (62) have also investigated the reaction of hydrogen 
atoms with acetylene at liquid-air temperature. They jSnd that no 
addition compounds, stable or unstable, are formed. 

4. Free radicals and acetylene 

The possibility that the decomposition of acetylene involves free radi- 
cals is ruled out, since the two conceivable modes of decomposition into 
radicals 

C 2 H 2 2CH 

and 

C 2 H 2 C 2 H + H 

are so strongly endothermic that the activation energies would be far too 
high to permit their occurrence to an appreciable extent. As is to be ex- 
pected, therefore, Paneth and Hofeditz (134) found that the products of 
the acetylene decomposition had no effect on metallic mirrors. 

Little work has been done on the action of free radicals on acetylene. 
Sickman and 0. K. Rice (185) found that methyl radicals from the azo- 
methane decomposition caused the polymerization of acetylene. Further 
work on this reaction is promised, but has not yet appeared. Recently 
Taylor and Jungers (215a) have shown that acetylene can be polymerized 
by the action of methyl radicals produced by the photodecomposition of 
acetone. ' At 25°C. as many as five acetylene molecules were found to dis- 
appear per methyl radical. 

5. The photopolymerization of acetylene 

The earlier papers on the photopolymerization of acetylene served to 
establish the fact that such polymerization occurred, the main product 
being a yellow solid, ^^cuprene.’^ Thenard (218) reported the formation of 
benzene as well, but this was not confirmed by Berthelot and Gaudechon 
(12) or by Reinicke (155). Bates and Taylor (4) also investigated the 
reaction in a qualitative but much more thorough manner and found cu- 
prene and an '^oib^ as products. They point out that a large number of 
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reactions are possible, particularly when the conditions are such that the 
photoreaction is accompanied by mercury-photosensitized reactions. 

Lind and Livingston (110, 111) made the first really thorough investiga- 
tion of the direct photoreaction, mercury vapor being excluded in order to 
avoid photosensitization. They showed that only light of wave length 
less than 2537 A.U. is effective (acetylene is transparent to longer wave 
lengths). The main cause of uncertainty in their work (and that of all 
other investigators) is the formation of an opaque solid deposit on the wall, 
which continually reduces the amount of light reaching the acetylene. 
They found that a solid resembling cuprene was formed, there being no 
gaseous products. The rate was proportional to the light intensity, and 
independent of the partial pressure of acetylene. The quantum yield for 
an average wave length of about 2150 A.U. was 9.2 ± 1.5. 

Kemula and Mrazek (93) investigated the reaction for the purpose of 
proving the presence or absence of benzene and gaseous products. They 
followed the reaction by absorption spectroscopy, so as to be able to detect 
transitory products. The results confirmed the work of Lind and Living- 
ston in a general way, but showed that some benzene was formed in the 
reaction, together with small amounts of saturated hydrocarbons, olefins, 
and naphthalene derivatives. Kato (89) also found benzene to be a 
product. Kemula and Mrazek suggest that the primary reactions are 

C2H2 + hv-^ C2II2* 

C 2 H 2 * + C 2 H 2 C4H4 (vinylacetylene) 

Various secondary changes are then postulated, such as 
C4H4 + C2H2 — > CflHe (aliphatic) 

CeHe (aliphatic) + C 2 H 2 —> CsHs 
or 

CeHe (aliphatic) CeHe (aromatic), etc. 

Criticisms of the work of Kemula and Mrazek by Toul (220, 221) seem 
to the writer to be entirely invalid, and have been satisfactorily answered 
by Kemula (91, 92). 

Livingston and Schiflett (115) confirmed the results of Kemula and 
Mrazek, and found that benzene was formed in considerable quantities at 
temperatures above 270°C. Since the solid polymer found by Kemula and 
Mrazek had the approximate composition (CioH8)n, Lind and Livingston 
(113) suggest the following mechanism for the photopolymerization; 

C2H2 + hv-^ CaHi"* -H. C2H + H 
C2H + C2H2 C4H3 

C4Ha + CaHj CeH#, etc. 
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CnHn~i + CmHm-i soHd polyiiier (n + being about 20 so as to agree 
with a quantum yield of about 10) 

They suggest that benzene may arise by 

CsHt CeHe + C 2 H 

or 

C^,H5 + H CeHe 

It must be admitted that at the moment all considerations as to mechanism 
are purely speculative, and nothing is known directly about any of the 
postulated part-reactions. 

Toul (220) has also made a few rough qualitative experiments on the 
photodecomposition. He criticizes all previous work in a very drastic 
manner, owing to a lack of understanding on his part of photochemical and 
vacuum technique. He concludes that traces of ^‘impurities’’ are largely 
responsible for the results obtained by others. His own technique, how- 
ever, leaves much to be desired. 

6. The mercury-photosensitized polymerization of acetylene 

It was first shown that acetylene could be polymerized by mercury 
photosensitization by Bates and Taylor (4). A more thorough investiga- 
tion was made by Melville (125, 171). He found that the rate was high 
at the start but fell off rapidly owing to the removal of mercury atoms by 
the polymerization process, presumably by the formation of a complex 
of some sort. If precautions were taken to ensure the presence of sufficient 
mercury vapor, the rate no longer fell off with time. All Melville’s meas- 
urements were made at initial pressures below 10 mm., to prevent the 
formation of an opaque film on the walls of the reaction vessel. At low 
pressures (below 0.5 mm.) the rate was proportional to the acetylene 
pressure, because under these circumstances there is so little acetylene 
present that most excited mercury atoms radiate instead of being quenched. 
The quenching, therefore, does not appreciably lower the stationary con- 
centration of excited mercury atoms, and hence the number of activated 
acetylene molecules produced is proportional to the acetylene pressure. 
At higher pressures the quenching lowers the concentration of excited 
mercury atoms to an appreciable extent, and the rate is proportional to 
[C 2 H 2 ]*, where x is less than 1 and approaches zero at high pressures. 

The temperature was found to have a marked effect on the rate, viz., 

Temperature, ®C. 30 99 209 267 366 436 628 

Relative rate . 1 8.8 12.7 9.0 7.6 6.2 6.3 

It will be seen that the rate is a maximum in the neighborhood of 200- 
250°C. This is associated with the fact that the chain length is about 10 
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at room temperature, rises to about 100 at 250°C., and then decreases at 
higher temperatures. The chain length is independent of pressure, sur- 
face, or light intensity. 

Melville gives a kinetic analysis of the polymerization process in terms 
of ordinary chain reaction theory, and concludes that the termination of 
the chains is by collision of the polymer with an acetylene molecule, the 
collision for some reason being not of the right type for propagation. 
The kinetic analysis is rather complex and will not be discussed here, 
since in the light of present knowledge it does not seem to be capable of 
either verification or disproof. 

The polymerization was also investigated by Jungers and Taylor (80) 
for the principal purpose of comparing acetylene with deuterioacetylene. 
They found that at low pressures the rate for both C 2 H 2 and C 2 D 2 was 
proportional to the pressure, and that above 7 mm. it became independent 
of it. Over the whole pressure range the rate was 30 per cent greater for 
C 2 H 2 than for C 2 D 2 . The quantum yield was found to be about 6.5 for 
ordinary acetylene and 5 for deuterioacetylene. (It is noteworthy that 
in the polymerization of acetylene by alpha particles (114) the rates for 
the two acetylenes are identical.) Taylor and Jungers compare the 
quantum yields and ion-pair yields for ordinary acetylene under different 
conditions: 


Quantum or 
ton-pair yutld 

For beta particles (Mund and Jungers (130)) . . 26 

For alpha particles (Lind and Bardwell (109), Mund and Koch (131)) 18-20 

For the photoreaction (Lind and Livingston (111)) 9.2 

For the mercury-photosensitized reaction (Jungers and Taylor (80)) 6 6 

It will be seen that the yield produced by each primary act falls off rapidly 
as the energy input in the primary act is diminished. Jungers and Taylor 
conclude, therefore, that the polymerization process must dissipate the 
initiation energy fairly rapidly as it progresses. 

Heinemann (70) claims in an old patent that ultra-violet light forms 
propylene from a mixture of methane and acetylene. The validity of the 
statement appears doubtful. 

B, Higher acetylenic hydrocarbons 

No investigations worthy of mention exist, with the exception of a few 
observations on the photopolymerization of methylacetylene. The reac- 
tion was first studied in a purely qualitative way by Berthelot (11). It 
was later investigated somewhat briefly by Lind and Livingston (112), 
who found that light of wave length less than 2240 A.U. was effective. 



396 


E. W. R. 6TEACIE 


The product of the reaction was a white solid pol 3 aner. The quantum 
yield is about 3.5, independent of pressure and light intensity. 

V. CONCLUSION 

In conclusion it may well be said that tremendous advances have been 
made in this field in the last few years. A great deal, however, remains 
to be done. More work is especially needed on the r61e of free radicals, 
elementary processes in general, the reactions of the higher olefins and 
acetylenic hydrocarbons, the accurate determination of the activation 
energies of the various modes of decomposition of the paraffins, the photo- 
decomposition of the simple hydrocarbons, etc. The subject is, however, 
an exceedingly active one, and there is no reason to doubt that its rapid 
advance will be continued. 

The writer wishes to express his indebtedness to Mr. N. W. F. Phillips 
of this laboratory for many valuable criticisms and suggestions. 
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I. INTRODUCTION 

Any theory which will successfully explain the mechanism involved in 
the setting of gels of hydrated silica, or silicic acid gels, as they are com- 
monly called, should explain not only the properties of the gel when set but 
also any of the phenomena observed during the setting process. The 
present paper presents not only a discussion of the various theories which 
have been proposed, but also such observations of various investigators 
in the field of silicic acid gels as may appear important in the discussion. 

In order that this paper may be kept within reasonable limits, no attempt 
is made to present a complete bibliography, nor can more than one vital 
reference be cited, ordinarily, for each point. More extensive bibli- 
ographies are available in the literature (79, 6). 

The matter of terminology should be clarified at the start. By the 
term ^^colloidal silicic acid,^^ or '^sol of hydrated silica,'^ will be understood 
the fluid mixture containing hydrated silica. The term “silicic acid gel/' 
or “gel of hydrated silica," will indicate the semisolid elastic mass which 
results when the gel has, as we say, set. The term “silica gel" will be used 
to designate the harder, partially dehydrated product. 

The presentation of the theories for the setting of the gel will be made 
easier if we first consider the various methods of preparation of sol and gel, 
the significant phenomena during the sol-to-gel transformation known as 
setting and, lastly, any properties of the sol and gel which substantiate or 
refute the various theories. 

II. PREPARATION OF SOLS OP HYDRATED SIUCA 

Colloidal silicic acid has been known for about two hundred years. Ber^ 
zelius (4) mentioned that he prepared “soluble" silicic acid by the action 
of ammonium hydroxide upon hydrofluorosilicic acid. What he had pre- 
pared was a sol of hydrated silica. A reference to earlier work is given by 
Walden (76). 

Probably the most common method consists of the action of a solution 
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of Sodium silicate and an acid, as performed by Graham (24) and many 
others. Some investigators have used a solution of an ammonium salt 
instead of the acid (5). 

By electrolysis of solutions of sodium silicate, Treadwell and Wieland 
(74) and Kroger (48) have removed nearly all of the sodium by deposition 
in a special mercury cathode. A reference will be made later to the fact 
that they reduced the hydroxyl-ion concentration as well as the sodium- 
ion concentration. They prepared relatively stable sols. Their process 
consisted practically of the hydrolysis of the sodium silicate solution and 
the nearly complete removal of the sodium hydroxide. 

The hydrolysis of various silicon compounds has been used to prepare 
sols of hydrated silica, among them the chloride (51), the fluoride (14), 
the sulfide (19), and a number of esters of orthosilicic acid (13), such as 
methyl silicate (25). 

Mention of these methods may introduce an objection — namely, that 
with the silicic acid other substances are formed in the solution. Many 
investigators have removed the greater portion of these soluble impurities 
by dialysis, but at least the colloidal silicic acid was first formed in their 
presence. Also, dialysis apparently never removes the last traces of 
electrolytes. 

Two methods have apparently avoided the presence of these impurities 
in the original sol. The first of these was the preparation of colloidal 
silica by Lenher (54), who ground Ottawa sand to a fine powder and then 
heated it to 300-400°C. with water in a bomb. He was able to hydrate 
the silica. The other is the method of Kargin and Rabinovich (42), who 
oxidized silane (SiHi) by means of ozonized oxygen in the presence of water. 

Sols have been prepared by peptizing freshly prepared silicic acid gel 
by means of ammonium hydroxide (69) or potassium hydroxide (45). The 
peptizing agent was then removed. 

III. PREPARATION OP SILICIC ACID GEL 

Silicic acid gels result from practically any sol of hydrated silica, merely 
with the lapse of time. It is essential, of course, that the sol contain a 
large enough concentration of silica to give suflBcient strength or rigidity for 
the gel to set. A sol which contains less than 0.5 per cent SiOj will give a 
very weak gel, or no gel at all. Sols which are strongly alkaline may not 
set at all. 

Certain conditions, such as concentration of silica, temperature, hydro- 
gen-ion concentration, and concentration of other substances, will be found 
to govern the time required for gelation or ‘‘time of set”, as it is called, 
but it is safe to say that any sol containing over 2 per cent Si 02 will set 
eventually to a gel, unless it is strongly alkaline. 
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Methods, therefore, for the preparation of silicic acid gel are essentially 
those for the preparation of the hydrosol of silica. Some time may be 
required for the gel to set. 

IV. THE SOL-GEL TRANSFORMATION OR SETTING OF THE GEL 

The sol of hydrated silica, when first prepared, is transparent. The 
viscosity is practically that of water. As the material stands, a faint 
opalescence becomes apparent which increases, ordinarily, until after the 
gel has set. The viscosity shows no noticeable change until the opalescence 
becomes quite marked. Then the viscosity increases rapidly, and soon 
the material develops elasticity, showing not only the resistance to flow 
characteristic of the increasing viscosity, but also a rapidly increasing 
tendency for the material to resist a stress and to return toward its original 
form after deformation. Any of the various tests will soon show that the 
gel has set. The setting process continues, of course, for some time after 
the test pronounces the gel set. Probably this fact is most clearly shown 
by the optical method of Prasad, Mehta, and Desai (66). 

V. SIGNIFICANT PROPERTIES OF THE SOL OF HYDRATED SILICA 

When first formed, the silicic acid appears to be in the form of simple 
molecules of low molecular weight. This has been shown by many in- 
vestigators. Gruner and Eldd (27) found an apparent molecular weight 
of 60 in a freshly prepared sol, as did Willstatter, Kraut, and Lobinger (80), 
Treadwell (72) reported the first value to be 149. The apparent molecular 
weight has been found to increase rapidly with time, however, showing in 
the work of H. and W. Brintzinger (8) a value of 8260 after 45 days. Since, 
in all of these molecular weight determinations, an allowance has been made 
for electrolytes present in the solution, one can not feel too certain of the 
absolute value of the molecular weight of the silicic acid. The first low 
values are, however, undoubtedly reliable, and the trend toward the higher 
values is certainly indicated. 

When first formed, considerable silicic acid passes easily with the electro- 
lytes through the membranes used for dialysis. With the lapse of time, 
all of the silicic acid becomes unable to pass through the membrane. 
This fact, as well as the change in molecular weight, points unmistakably 
to the belief that silicic acid, when first formed, consists of small molecules, 
but that with the lapse of time these condense, polymerize, or coalesce to 
form large groups. 

Mylius and Groechuff (59) have used albumin to test the silicic acid 
formed. At first they found that it would not coagulate albumin, a 
characteristic which they ascribe to simple molecules. They call this 
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form o-silicic acid. Upon standing, onsilicic acid goes over into the /3-form, 
the molecules of which, being larger, do coagulate albumin. 

Although Karsten (43) claimed that hydrochloric acid forms a partial 
or temporary compound with silicic acid, this point of view appears com- 
pletely disproven. Although it does appear impossible to remove the last 
traces of impurities, especially electrolytes, by dialysis, it has also been 
shown that silver nitrate will react with the chloride ion in the sols con- 
taining this minimum of chloride ion. In this respect these silicic acid 
sols would, therefore, show a marked difference from alumina sols contain- 
ing a little chloride, as explained by Thomas (71). 

Probably this difl&culty of removing residual traces of electrolytes from 
these sols of hydrated silica serves to explain the divergence in pH values 
measured. A pH as low as 3.2 was reported by Rabinovich and Laskin 
(67), while Brintzinger and Troemer (9) found a value of 4.6. Upon 
washing gelatinous silicic acid by means of a supercentrifuge, Bradfield 
(7) found that the pH approached 6.5, whether he started with alkaline or 
acid mixtures. The sol prepared by Kargin and Rabinovich (42) by the 
oxidation of silane gave a pH very nearly 7.0. 

An unfortunate feature of these measurements is that they give the pH 
for a sol, not just as it is formed, but after it has stood for some time, during 
which time the process of condensation has undoubtedly progressed for 
some distance. They fail, therefore, to inform us concerning the silicic 
acid when first formed. 

The electrical charge on the particles of the sol has been shown by Losen- 
beck (65) to be negative in alkaline, neutral, or weakly acid solution. In 
more strongly acid solution the particles become positively charged. The 
idea has been held that this charge is entirely due to preferential adsorption, 
but it will be shown in this paper that it is probably due to the ionization 
of the silicic acid, which, owing to the amphoteric character of the mole- 
cule, occurs in two ways, leaving the silicon in either a negative or positive 
ion. 

One of the most striking properties of the particles in a sol of hydrated 
silica is their great insensitivity toward ions which ordinarily cause coagu- 
lation of coUoids. This has been shown by Laskin (62) and others. The 
data available, while confusing, in general, demonstrate conclusively this 
insensitivity of the colloidal silicic acid toward electrolytes. 

The sols at first show no Tyndall cone, but this develops as they stand 
(47). They probably show no optical rotation (12), although the data 
are not absolutely conclusive. Microscopic studies have failed to detect 
any visible structures in the sol, or even in the gel, for that matter. The 
ultramicroscopic data are not at all conclusive. 

The statement has been made that the silicic acid present in a sol con- 
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taining hydrochloric acid has a small effect in decreasing the conductivity 
of the hydrochloric acid (55). The conductivity of sols of hydrated silica 
has been found to change very little, if at all, even when the mixture sets 
to form a gel (59, 23). 

VI. FACTORS GOVERNING THE TIME OP SET 

Among the factors which affect the time of set of silicic acid gels are the 
concentration of silica, the temperature, the acid used, the hydrogen-ion 
concentration, and the concentrations of other materials present. 

It is a well-known fact that the higher the silica concentration the more 
rapidly will the gel set. Some study has been made of this factor, but a 
thorough investigation is needed. 

The fact that a rise of temperature hastened the setting of silicic acid 
was noted by Maschke (56) and many others. Although the earlier work 
(15) failed to find any definite relation between temperature and time of 
set, recent work by Hurd and Miller (38) has demonstrated that the effect 
of temperature upon the time of set of gels produced by mixing solutions 
of sodium silicate and acetic acid is the same, regardless of the soda-silica 
ratio of the sodium silicate used. By considering the process as a chemi- 
cal reaction, they obtained a value for the energy of activation for the 
process of 16,640 calories. As a result of further studies, Hurd (32) has 
shown that the energy of activation is practically the same using either 
acetic, citric, succinic, or tartaric acid, all, of course, being weak acids. 

The use of strong acids adds the complication of a change in pH of the 
mixture during setting. By making allowances for this (34) it is possible 
to show that the energy of activation is approximately the same when 
strong acids are used. 

The earlier investigators observed that, in acid gel mixtures, an increase 
in the concentration of acid also increased the time of set greatly (66). 
The curve for time of set against concentration of hydrochloric acid was 
plotted by Holmes (29), and was found to give a peculiar hump. This 
showed a minimum time of set in faintly alkaline solutions, as was also 
observed earlier by Fleming (18), and later by Hurd and Letteron (37) 
and by Prasad and Hattiangadi (65). Holmes also showed that at high 
concentrations of acid the time of set diminishes. The optimum limits of 
pH consistent with setting have been reported by Ray and Ganguly (68). 

In a quantitative study of the relation between hydrogen-ion concentra^ 
tion and time of set, Hurd, Raymond, and Miller (39) have shown that 
for acid gels prepared from sodium silicate and acetic or hydrochloric 
acid between pH «= 4.0 and 6.0, the time of set shows a linear relation to 
the hydrogen-ion concentration. In the same study, it was shown that if 
a constant hydrogen-ion concentration were maintained in mixtures con- 
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taining increasing concentrations of acetic acid by addition of the correct 
amount of sodium acetate, the time of set was very slightly affected by 
the concentration of acetic acid. This would indicate that the hydrogen- 
ion concentration, rather than the concentration of acid, is the important 
factor in governing the rate of the setting process. 

Work in alkaline gel mixtures presents much greater difficulties, due 
chiefly to the variation of the hydrogen-ion concentration. We may state, 
however, from completed but unpublished work in this laboratory, that in 
alkaline gel mixtures an approximately linear relation exists between time 
of set and hydroxyl-ion concentration. 

The data available upon the effect of various electrolytes and non-elec- 
trolytes upon the time of set of silicic acid gel mixtures show considerable 
lack of agreement. As Hurd and Carver (33) have pointed out, this has 
arisen in many instances because of neglect of the simultaneous change 
of the hydrogen-ion concentration. This was particularly true in the case 
of ammonia, the amines, and pyridine. 

It is apparently true that some non-electrolytes show a specific effect 
upon the time of set of these silicic acid gel mixtures. The effect is usually 
greater in alkaline gel mixtures than in acidic mixtures, as shown by Munro 
and Alves (58). They showed, as did Hurd and Carver, that glycerol 
caused an increase in the time of set, a fact which is very surprising when 
one considers the dehydrating power of glycerol. The main point to be 
noted here appears to be that non-electrolytes have little effect unless 
added in reasonably large amounts (traces show no effect at all), and that 
they affect alkaline gel mixtures more than acid mixtures. 

The effect of salts upon the time of set is also not particularly marked. 
For example (39), it was shown that a concentration of sodium chloride of 
1 iW in a gel mixture produced from sodium silicate and acetic acid de- 
creased the time of set by half. A similar concentration of sodium sulfate 
decreased the time of set by about 20 per cent. 

The effect of radiant energy upon the time of set has not been fully 
studied. Although Ray and Ganguly have noted that ultraviolet light 
accelerated the setting, the effect of all forms of radiant energy must be 
small, if the thermal effects are excluded. One can easily show this by 
determining the very small difference between the times of set for two 
portions of the same mixture, one in the light and the other in the dark. 

VII. PROPERTIES OP SILICIC ACID GELS 

Certain specific properties of silicic acid gels interest us here because of 
their bearing upon the several theories for the mechanism of the setting 
process. These properties are the elasticity of the gel, s 3 meresis, thix- 
otropy, the apparently very high molecular weight, the failure to retain 
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chloride, the results of magnetic analysis, the x-ray analysis, and the 
electrical conductivity. 

Attempts have been made for many years to obtain conclusive evidence 
of the presence of definite silicic acids or definite hydrates of silica in the 
sol of hydrated silica or, more particularly, in coagulated silicic acid or in 
the gel. To cite merely two references, the work of Tschermak (76) and 
others has been interpreted to show the existence of several definite silicic 
acids, among them ortho-, meta-, or pyro-silicic acid. Schwarz (70) has 
claimed that two different kinds of water are in the gel, — ^free water and 
bound water. The latter may be considered as chemically combined. 

The opposite point of view — namely, that the gel does not contain 
definite hydrates — was stated by van Bemmelen (3), whose extended 
studies on the hydration and dehydration of silicic acid gel failed to show 
the existence of any definite hydrates. PascaFs (64) magnetic analysis 
showed no evidence of the existence of ortho-, meta-, or pyro-silicic acids, 
but did show that the material consisted of silica and water. The x-ray 
determinations by Krejci and Ott (46) showed the cristobalite pattern. 

The sol of hydrated silica, as it is setting, suddenly shows the develop- 
ment of elasticity. No comprehensive data on this development are 
available, but, as Langmuir (50) has observed, the material shows a stretch 
up to a certain limit, somewhat like rubber bands. As the gel sets, the 
limits of this stretch become smaller. According to Holmes (30) this 
elasticity is due, in part, to the tension developed in the gel. 

Syneresis appears to be due to a contraction of the gel after it has set, 
resulting in the expression of a certain amount of fluid. It has been 
studied especially by Gaunt and Usher (22). The condensation and 
shrinkage, apparently, occur for some time after the gel has set, the extent 
of syneresis depending upon various factors (30), among them the concen- 
tration of silica, the hydrogen-ion concentration, and the temperature. 

The phenomenon of thixotropy is shown by the gel mixture in the early 
stages of setting, that is, the gel will knit itself together after being stirred 
or separated. This power is lost after the gel has set. The behavior of 
silicic acid gel in this respect differs somewhat from the ordinary gels which 
show thixotropy. 

Silicic acid gel is affected very little if treated with strong acid. On the 
other hand, a solution of sodium hydroxide will dissolve the gel quickly 
and easily. 

The fact that little, if any, change occurs in the electrical conductivity 
during the sol-gel transformation is of great importance. 

There is practically no thermal effect when the gel sets (74). This has 
occasioned some comment in the literature, but it will be shown that the 
result is exactly as would be expected. 
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Vin. THEORIES OP GEL STRUCTURE 

Theories of gel structure, although they show many different character- 
istics, fall naturally into three general classes. The large number of in- 
dividual modifications of the basic theories has resulted from the fact that 
many workers in the field have discovered and investigated an almost 
unlimited number of gels. The reader interested in the general subject 
of gels and gel structure is referred to the papers by Ostwald (61) and von 
Weimarn (78). The many gels investigated show differences in properties, 
not only differences of degree, but often of type. 

The words “jelly*' and “gel” have been used in a different sense by 
many writers, the usual custom being to use “jelly” for the more dilute, 
elastic type, such as a gelatin jelly, and to use the word “gel” for the 
partially dehydrated product known technically as silica gel. The writer 
will use the word “gel”, particularly “silicic acid gel,” throughout this 
paper. 

The three general theories for gel structure are: (A) the emulsion 
theory; (B) the cellular theory; and (C) the fibrillar or micellar theory. 

Specialists in colloid chemistry will note the omission of what is fre- 
quently called the solid solution theory (44). This really is not a theory 
of gel structure, but refers to a mechanism by which solvent is imbibed in 
the process known as swelling. While it postulates, for example, that 
water enters gelatin in the form of a solution in the solid, it does not explain 
the resulting structure. 

An attempt will now be made to consider each of the three theories, in 
order to present a satisfactory theory for the structure of silicic acid gel. 
We shall consider those properties of the sol and gel of silicic acid which 
aid in confirming or disproving the theory. 

A, The emulsion theory 

This theory was explained by Ostwald (62, 61). The theory assumes 
that the gel consists of a liquid-liquid system with an emulsoid structure, 
although Ostwald pointed out that he considered both liquids to be ab- 
normal and one somewhat more concentrated than the other. The theory 
did not receive Ostwald's complete support in the case of silicic acid gel, 
but he did consider it as a possibility, perhaps explaining a temporary 
structure formed during the setting of silicic acid gel. 

The theory fails, in the case of silicic acid gels, when one considers 
viscosity and elasticity. An emulsion is characterized by a high viscosity^ 
but it does possess the ability to flow. Dilute silicic acid gels show con- 
siderable flow when subjected to a deforming force. As the concentration 
of silica increases, the gels show greater elasticity and less tendency to 
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flow. Gels containing over 3 per cent silica flow very little when subject 
to a force. This problem has not been thoroughly studied. 

The calculations of Hatschek (28) of a series of stress-strain curves, 
assuming an emulsoid structure for gels, and the failure of these curves to 
agree in any particular with measured stress-strain curves for gelatin and 
rubber are often quoted as a general refutation of the emulsoid structure 
for gels. While the proper work has, apparently, not been done on the 
elasticity of freshly formed silicic acid gel, it does appear that the gel 
follows Hookers law. It has a low elastic limit. 

At present the weight of opinion is very decidedly against the emulsion 
theory for any gel. 


B. The cellular theory 

This theory, which is credited to Biitschli (11), postulates that the liquid 
part of the gel is held in the form of small dropleta in a cellular structure 
made up of the solid phase. The theory is sometimes called the honey- 
comb theory, because of the assumed structure of the framework. 

While a cellular framework has actually been observed microscopically 
in the case of some gels, such as von Weimarn^s (77) barium sulfate gels, 
there is the best of evidence to show that Btitschli’s observations showed 
something much coarser than the original structure. His estimates gave 
a wall thickness in silicic acid gel of 0.3m, while the pockets appeared to be 
from 1.0 to 1.5m in diameter. The work of Zsigmondy (81) gave an esti- 
mate of 5 mM for the pore diameter for silicic acid gel, while Anderson^s (1) 
estimate showed even smaller pores. Such a structure could not possibly 
be observed by the microscope, being several hundred times as small as 
the structures seen by Biitschli. 

The gels in which von Weimarn observed the cellular structure were very 
different from silicic acid gels, and were called by him coarse-cellular gels. 
They were made by mixing two concentrated solutions of inorganic sub- 
stances into a coarse mixture like an emulsion. The reaction precipitated 
material along the boundary surfaces. 

The cellular structure best explains the retention of water in a gel such 
as silicic acid gel. While gels such as the barium malonate gel (17) have 
been discovered, from which some water may be withdrawn even by touch- 
ing the gel with filter paper, the same thing is not true of silicic acid gel, 
which holds the water much more firmly. Yet, while the cellular structure 
explains well the ability of silicic acid gel to hold water, it does not provide 
any satisfactory explanation for syneresis, nor for the phenomena observed 
when Water evaporates from a silicic acid gel. 

Soon after a silicic acid gel has set, liquid appears upon its surface. This 
squeezing out of some of the fluid is called syneresis. It has been studied 
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by Gaunt and Usher (22), by Kuhn (49), and especially in silicic acid gels 
by Ferguson and Applebey (16). Syneresis appears to occur to a much 
smaller degree as the gel becomes older. The fluid is a solution of the 
salts or acids present. It is difficult to see how this fluid could be squeezed 
out by the gel without destro 3 dng its cellular structure. 

When a cylinder of silicic acid gel is allowed to stand in the air it will 
shrink, retaining approximately its original proportions. If the structure 
were cellular, it seems reasonable to suppose that water would come most 
easily from the outer cells, and that distortion or cracking would result. 

A serious point against the cellular theory for silicic acid gels is that 
practically no increase in the electrical resistance occurs when the gel 
mixture sets (40). This fact has been mentioned previously and is true 
in the case of gels other than silicic acid gels. It is difficult to conceive 
of the formation of solid or semisolid walls, cutting up the gel into small 
cells containing fluid, .without a noticeable increase in electrical resistance. 

A cellular structure would explain very satisfactorily the elasticity of 
silicic acid gels. This, and the explanation of a structure to hold the fluid 
portion of the gel, are the chief points in favor of the cellular theory. 

C. The fibrillar theory 

The fibrillar or micellar theory is sometimes called the sponge theory 
(79). It is usually credited to Nageli (60). It postulates a solid and a 
liquid phase, each continuous, with the solid forming a fibrous structure and 
containing the liquid in the pores. It is the theory favored by most 
workers in the field. The differences in their points of view relate to the 
method of forming this fibrillar structure. They may be considered under 
three general headings. 

{1) Structure formed by coagulation of the colloid. Many workers have 
believed that a silicic acid gel is formed simply by the coagulation of the 
silicic acid or hydrated silica in the sol. The structure of the gel would 
result from the mechanical agglomeration of the colloid, which would 
leave spaces filled with water. This was suggested by Pappada and 
Sadowsky (63). 

This would be a very simple mechanism, if it were verified. Practically, 
however, the weight of evidence is against it. It is readily apparent that 
sols of hydrated silica are very insensitive to coagulation by electrolytes 
(52). The setting of a silicic acid gel resembles in no way the coagulation 
of a sol, such as arsenious sulfide sol. There the addition of low concentra- 
tions of the ion of correct charge, particularly a polyvalent ion, will cause 
a cloudy appearance within a few seconds, followed very shortly by a 
coagulation of the precipitate. Nothing resembling this behavior occurs 
with silicic acid. The sol is not coagulated by either positive or negative 
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ions in low concentrations, even by polyvalent ions. Nevertheless there 
are many contributions in the literature by those, such as Prasad and 
Hattiangadi (65), who believe that silicic acid gel results from coagulation 
of the sol by ions. Some writers even go so far as to discuss the effect of 
non-electrolytes upon the power of various ions for coagulating the sol of 
hydrated silica. 

Without entering into a long discussion, the writer must rest the case 
with the following example, taken from the paper by Hurd, Raymond, and 
Miller (39). A sol of hydrated silica containing the following concentra- 
tions in gram-moles per liter— Si02, 0.645; Na+, 0.385; CHaCOO"" and 
excess CHsCOOH, 0.502 — and having a pH of 5.09 set in 53 minutes. The 
addition of 0.500 gram-mole of sodium sulfate per liter to the original 
mixture decreased the time of set to 44 minutes. The same concentration 
of sodium chloride in another mixture decreased the time of set to 28 
minutes. 

It has been shown that silicic acid or hydrated silica in a sol as acid as 
this is positively charged (55). Sodium sulfate should, therefore, be more 
effective than the chloride, because of the divalent negative ion. It is 
actually less effective and both are extremely ineffective if they are really 
acting to coagulate the hydrated silica. 

We must conclude, therefore, either that here we have a very unusual 
type of coagulation of a sol, or that the setting of a silicic acid gel is not a 
coagulation at all, but occurs by some totally different process. 

(^) Structure formed by a mat of fine crystals. Gels such as the myricyl 
alcohol of Buchner (10) are known, which undoubtedly consist of a mat of 
fine crystals. They are interlaced or tangled mechanically, and retain 
their water by capillarity. 

It has been suggested many times that the silica in silicic acid gels is in 
the form of silica crystals. LeChatelier (53) reported that he polished 
metal by rubbing with silicic acid gel, concluding from this that the gel 
consisted of anhydrous silica and water, but Bancroft (2) has observed that 
the pressure used in polishing, or the heat generated, might have caused a 
dehydration of some of the hydrated silica. The data of Krejci and Ott 
(46), who found, by x-ray analysis, a cristobalite pattern in freshly prepared 
silicic acid gels, should be considered seriously. PascaPs (64) magnetic 
analysis, also, must be considered. His data indicated a complete absence 
of ortho-, meta-, or pyro-silicic acid molecules in the gel, but did indicate 
silica and water. 

Many observers have claimed to show the presence of definite silicic 
acids, or definite hydrates of silica, in the gel. This has already been 
discussed, the references for definite hydrates being represented by Tscher- 
mak^s paper. The evidence against the existence of definite silicic acids, 
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represented in this paper by van Bemmelen, Pascal, and Krejci and Ott, 
has been cited. A careful perusal of the literature will convince the reader 
of the strong position held by the opposition. It appears quite safe to 
believe that, whatever the structure may be, silicic acid gels do not consist 
of mats of crystals of simple silicic acids. 

One property possessed by these crystal mat gels is that of thixotropy 
(20), namely, the ability of the gel to be liquefied by some disturbance, 
usually by shaking, and then to reset, apparently forming the same struc- 
ture that it possessed before the disturbance. While a silicic acid gel 
passes through a period where it may be broken apart, after which it will 
knit together again, this is not true thixotropy, since the final gel does not 
knit itself again if it is broken into lumps after it has set. The lumps will 
remain separate, either under water, which has been added, or in the pres- 
ence of the liquid due to syneresis. In addition, it proved impossible to 
liquefy silicic acid gel by the use of ultrasonic waves (21), although gels 
showing thixotropy were easily liquefied. 

It is worth noting one piece of contrary evidence. In washing silicic 
acid gel very thoroughly, Hurd and Griffeth (36) broke the gel into a very 
fine suspension by means of a high-speed beater in an excess of distilled 
water. When the suspended material had settled, it was found to knit 
together into a firm but fairly weak structure. This can not be considered 
as ordinary thixotropy. 

(5) Polysilicic acid fibrillar theory. This theory suggests that a silicic 
acid gel consists of an interlaced fibrillar or brush heap structure consisting 
of very large polysilicic acid molecules, the spaces being filled by liquid. 
The structure is produced by condensation (41), water being split out 
between two simpler silicic acid molecules to form a more complex struc- 
ture (36). The polysilicic acid structure is probably very heavily hy- 
drated. 

There appears to be little doubt of the formation of simple silicic acid 
molecules by the reaction of sodium silicate with an acid or by the hydroly- 
sis of silicon tetrahalides or of an alkyl ester of orthosilicic acid. The low 
molecular weight of the silicic acid in the freshly formed sol has been dis- 
cussed in this paper under the properties of the sol of hydrated silica (27, 
72), the significant point being that, although an apparent molecular 
weight of about 100 was found in the fresh sol, this value increased to 
something over 8000, after which experimental error made calculations 
useless. The ease with which the silicic acid first formed passes through a 
dialyzer membrane has been mentioned, also the fact that this ability is 
soon lost. The albumin test of Mylius and Groschuff (69), showing low 
molecular weight in freshly formed sols of silicic acid, has been cited. 
They found that the sol, upon standing, changed from the simple a-silicic 
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acid to the very complex jS-silicic acid. All of this evidence supports the 
theory that a simple monosilicic acid is first formed. 

Mylius and Groschuff suggested that their /3-silicic acid consisted of very 
large molecules, formed by condensation of the simple silicic acids first 
formed. This condensation is analogous to the organic reaction in which 
water is split out from the two hydroxyl groups of neighboring molecules, 
resulting in a larger molecule held together by the common oxygen atom. 
As this procedure continues (31), we picture the formation of more and 
more complicated structures, causing, ultimately, the complete immobiliza- 
tion of the fluid, which Ostwald says is the most important characteristic 
of a gel. The gel has now set. 

This interconnected branched polysilicic acid structure is almost cer- 
tainly heavily hydrated. It also holds the fluid in its structure by capil- 
larity. This structure explains, better than any other, the properties of 
silicic acid gels (32). 

This theory is in agreement with the evidence that the silicic acid, when 
first formed, is in the form of simple molecules, and that the molecular 
weight increases to very large values. The molecules first formed are un- 
doubtedly quite soluble, but as they condense the resultant product 
becomes quite insoluble. 

The insensitivity to electrolytes is explained. Such a condensation 
process should be affected very little by the presence of the ions of ordinary 
salts. The sensitivity to hydrogen and hydroxyl ions is of a different type, 
and will be explained later. 

The heavily hydrated polysilicic acid threads do not become large 
enough, nor are they of sufficient density, to be visible in the microscope. 

The absence of any increase in electrical resistance is understandable, 
in the light of this theory. While, with the cellular theory, there should 
be an increase in resistance because of the membranes through which the 
ions must pass, here the structure remains reasonably open, the passages 
being continuous. 

The measurements of the diameter of the “pores'* in the gel by Zsig- 
mondy (81) and by Anderson (1), already quoted, of 5m/jt and less, are 
of about the correct order of magnitude to accord with this theory. 

As the gel forms the condensation process continues, undoubtedly, 
beyond the empirical time, which we term the time of set. The structure 
already having reached sufficient solidity to set, that is, to pass from the 
liquid stage to a semisolid stage, any further contraction should squeeze 
out fluid through the capillaries. This process is what we call sjrneresis. 
The tension set up has b^n commented on by Holmes (30) and others. 

The fact that the gel is not thixotropic adds a considerable support to 
this theory. A gel formed of loose contacts between crystals should be 
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liquefied, if shaken. The silicic acid gel, because of its firm bonds, which 
are due to its condensed structure, is not easily broken, even by ultrasonic 
waves. If it is broken up after it has set, it will not knit together. If it is 
still in the process of vigorous condensation and it is torn apart, it will easily 
knit together. Probably, in the very thorough disruption of the structure 
by Hurd and Griffeth (36), enough of the bonds were broken so that the 
gel did go through some degree of condensation after settling to the bottom. 

This theory offers an explanation of the fact that such a gel retains its 
proportions if allowed to evaporate fluid in the open. The fluid can come 
out through the pores to the outside, causing a general shrinkage through- 
out. When the gel has become well dried, however, the water in the 
capillaries becomes replaced by air, although the capillaries have shrunk 
from their original size. This occurs when the water content is from 1.5 
to 3.0 moles per mole of silica. 

When a well-dried gel is moistened with water it will crack apart, often 
violently, snapping into pieces. The gel has apparently swelled on the 
outside before water could penetrate the interior. The strain bursts the 
lump into pieces. 

A structure of this fibrous brush heap character should possess elasticity, 
as does the silicic acid gel. A distortion should cause a change in shape of 
the filaments, with an increasing resistance. It is apparently not a length- 
ening of each filament, but rather a straightening out of irregular chains. 
When these are straightened out, the structure breaks. It is known that 
silicic acid gel has a low elastic limit, which is reached, apparently, when 
most of the filaments have straightened out. 

While it is true that the cellular theory presents a somewhat better 
structure for holding the fluid in the gel, and while some evidence favors 
the crystal mat theory, we can see that the greater weight of evidence 
favors the polysilicic acid fibrillar theory. It will be worthwhile, there- 
fore, to present evidence for a reasonable mechanism by which this poly- 
silicic acid structure can be built up. 

IX. THE MECHANISM OF CONDENSATION 

From the evidence available and from some new data as yet unpublished, 
we can present a clear and reasonable picture of the mechanism involved 
in the condensation of silicic acid to form a polysilicic acid structure, 
resulting in the formation of a silicic acid gel. To do this, we assume: (!) 
That a monosilicic acid is formed in the first step of the process, or perhaps 
more correctly, silicon hydroxide. (2) That this acid, or hydroxide, is 
amphoteric, giving either hydrogen or hydroxyl ions. (S) That condensa- 
tion occurs when the positive and negative ions containing the silicon come 
into contact. (4) That water remains combined, or adsorbed, in the 
structure. 
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Wo may now discuss these four assumptions: 

(1) We shall assume that the first premise is admitted. The low molec- 
ular weight and ability to pass through the dialysis membrane have been 
cited. 

(^) The amphoteric character of the silicic acid has been mentioned by 
Willstatter, Kraut, and Lobinger (80), although it has been tacitly assumed 
by anyone who has spoken of the condensation mechanism. A clear 
statement was given by Treadwell and Konig (73). It is probably im- 
possible to prove this assumption, as it has been found very difficult to 
measure the ionization constants x>f any of the well-recognized amphoteric 
hydroxides.^ 

It will probably be impossible to measure accurately either the acid or 
basic ionization constants of silicon hydroxide, which, when formed, appar- 
ently immediately begins condensation. Treadwell has given what he 
believes is a reliable value for the acid ionization constant, — namely, Ki 
== 2 X The great amount of data on the pH of sols of hydrated 

silica is very confusing, complicated as it is by the presence of impurities, 
by the age of the sol, and by the method of measurement. What is needed 
is the pH of a pure sol of the monosilicic acid, measured at the instant of 
formation. Such data are not available. The only thing of which we 
may feel certain is that the purest sol, prepared by Kargin and Rabinovich 
(42) by the oxidation of silane by ozonized oxygen, gave a pH of 7.0, but 
this material had had ample time for condensation. The data of other 
observers (67, 9.) showed the reaction of a weak acid such as would be 
expected from Treadwells constants. The acid ionization is apparently 
somewhat stronger than the basic ionization. 

It is apparently well established that the particles in a sol of hydrated 
silica are positive in strongly acid solution, but that they become negative 
in weakly acid, neutral, and basic solution. It has also been observed 
that the so-called isoelectric point changes with the age of the sol (26). 
While some difficulty was experienced in explaining this on the basis of 
the adsorption of ions from the solution, it is very easily explained on the 
assumption that we have an amphoteric compound. In strongly acid 
solution the acid ionization of the silicon hydroxide is very strongly re- 
pressed, and few silicic acid anions are present. This would be equally 
true of the condensed acid. The basic ionization would be much increased 
and most of the silicon would be in the form of the cations. As the acidity 
of the solution is decreased, leaving lower and lower concentration of 
hydrogen ions, the acidic type of ionization would be increased and, because 
the acidic type probably occurs more easily than the basic type, would 

* Although the Landolt-Bornstein Tables give ionization constants for amphoteric 
organic electrolytes, none are given for the inorganic amphoteric hydroxides. 
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equal the basic type even in slightly acid solutions. The particles which 
were measured were probably condensed, since the charge on the particles 
was determined by cataphoresis. The particles were thus electrically 
neutral in slightly acid solution where the two types of ionization, occurring 
in different parts of the same large particle, left it neutral. In basic solu- 
tion the acidic type of ionization would be much increased and most of 
the particles would be negative. The process is shown for the simplest 
silicon hydroxide. 


OH- + Si(OH)8 ^ Si(OH)4 SiO(OH)8 + 
in acid solution favored in basic solution 

The condensed acid is certainly ionized to a much smaller degree than 
the monosilicic acid, which some observers (57) claim is a reasonably strong 
acid. The final product of condensation of the purest silicic acid prepared 
(42) gave a pH about 7.0, and is probably ionized to a very slight degree. 
It must be at least very slightly ionized in order that sodium hydroxide may 
dissolve the gel as it does. 

Grundmann^s (26) observation that the isoelectric point shifted in a 
given sol of hydrated silica is interesting. He found that the particles 
tended toward a more negative charge as the sol became older. Appar- 
ently, with the larger polysilicic acid molecules, the acidic ionization is 
decreased less than the basic ionization. It is well known that silicic acid 
gel is soluble in or, perhaps better, is peptized by alkali, indicating that the 
acidic type of ionization is still present in the gel. 

(5) Condensation of this type occurs by the splitting out of water from 
two molecules containing OH groups. This is equivalent to the following: 


|OI 

[ 

[ Si<^^ 

^ ^OH 

_/OH 

OH 

+ H+ g.^OH 

^OH 


— > 0 or 

0 

OjE 

Si^OE 

OE 

f 

^OH 
[ OH 

OH 

+ OH- \0H 

OH 


+ H,0 


+ H,0 

Theoretically such a process should occur more readily if the number of 

+ - 


positive and negative ions [Si(OH)8 and SiO(OH)8] containing silicon were 
of the same order of magnitude, and if collisions occurred more frequently. 
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The second idea agrees with the fact, already noted, that the same gel 
mixture will set more rapidly the higher the temperature. The writer and 
his coworkers (37, 38) have determined the energy of activation to be 
about 17,000 calories. 

The quantitative relation between time of set and the hydrogen-ion 
concentration was found by Hurd, Raymond, and Miller (39) for acid gel 
mixtures. The time of set is a linear function of the hydrogen-ion concen- 
tration down to a minimum at about pH = 8.0. This substantiates the 
idea that the condensation occurs more readily when the two kinds of ions 
containing the silicon are present in concentrations of about the same order 
of magnitude. 

Measurements of the relation between time of set and the hydrogen-ion 
concentration in alkaline gel mixtures have proved very difficult, owing to 
the fact that the hydrogen-ion concentration changes as the gel mixture 
proceeds toward setting. The shift in the hydrogen-ion concentration in 
the poorly buffered solutions produced by mixing a solution of sodium 
silicate with insufficient hydrochloric acid to neutralize it is always toward 
lower hydrogen-ion concentrations (34). In other words, at first the 
monosilicic acid formed is enough of an acid to contribute a measurable 
concentration of hydrogen ions, but as condensation proceeds the poly- 
silicic acids are less and less ionized, resulting in a shift toward lower hydro- 
gen-ion concentration. This net action as an acid is the result of two 
factors, — ( 1 ) that the acidic ionization of silicon hydroxide is greater than 
the basic ionization and (£) that the basic solution encourages the acidic 
type of ionization. 

Recent measurements obtained in this laboratory, but as yet un- 
published, have shown that the time of set in these basic mixtures is nearly 
proportional to the hydroxyl-ion concentration. Special precautions were 
used to prevent the shift of hydrogen-ion concentration. 

The influence of non-electrolytes upon the time of set doubtless lies in 
the fact that they have some effect, though not a large one, upon the 
ionization of the silicon hydroxide. 

The fact that very little thermal change occurs as the gel sets has been 
mentioned (74) and also that this result was unexpected. The fact, how- 
ever, is entirely in agreement with the theory that is being discussed. 
The condensation has been occurring steadily since the monosilicic acid 
was formed in the first reaction. The thermal effect, if measurable, would 
have been spread out over the whole time and no sudden evolution of heat 
could be expected as the last of the process was occurring, namely, as the 
gel set. The process of condensation also includes the ionization of the 
silicic acids, which would almost nullify the heat produced by the con- 
densation. 



420 


CHAKLES B. HTTHD 


Our theory, then, shows reasonable agreement with the facts observed. 
It presents ideas which may subsequently be tested further by experiment. 

(^) While it is perhaps not possible to prove that water remains either 
chemically combined or strongly adsorbed by the filamentous structure, 
the facts point strongly toward such a condition, van Bemmelen’s obser- 
vation that from 0.5 to 1.0 mole of water per mole of silica remained very 
strongly attached to the silica and could be removed only by vigorous 
heating, is significant. The idea of free and bound water has already been 
mentioned. 

Undoubtedly, when a silicic acid gel is subjected to a dr 3 dng process, the 
free water in the capillaries is the first to escape. This causes a shrinkage 
of the capillary diameters and compresses the fibrous structure. When 
the fibrous structure can contract no more, a condition which occurs, 
apparently, when less than 3 moles of water are present per mole of silica, 
the water still in the capillaries evaporates, leaving air in the capillaries 
with about 1 mole of water per mole of silica in the structure. 

X, SUMMARY 

A review has been given of some of the significant properties of hydrosols 
of silica and of silicic acid gels. Methods of preparation have been 
discussed. 

The process of the setting of the sol to form a gel has been examined, 
particularly in regard to conditions affecting the time of set. 

The several theories of gel structure have been examined critically, in 
regard to their application to the formation of silicic acid gels. 

The evidence favors the fibrillar theory for gel structure. 

A mechanism for the formation of this fibrillar structure is described. 
A monosilicic acid is first formed in the sol. This condenses, owing to the 
amphoteric nature of the hydroxide of silicon. The influence of various 
factors upon this process is discussed, chiefly the hydrogen-ion and hy- 
doxyl-ion concentration and the temperature. Long chains of condensed 
polysilicic acids are formed. 

These gels are called silicic acid gels, not because we believe that any 
simple silicic acid is present in the final gel, but because it appears certain 
that the starting material is a monosilicic acid. 
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There are in protein chemistry two fundamental theories which have 
been accepted for many years. One is the well-known peptide theory of 
Emil Fischer (17) and of Hofmeister (19). According to this theory the 
molecule of a protein is supposed to be constructed of a large number of 
amino acids which are combined one by one through peptide bonds, thus 
forming a long chain containing many CO — NH groups or peptide bonds. 
We know about twenty-five amino acids to be constituents of proteins. 
The various proteins are supposed to differ with regard to the length of the 
peptide chain and the relative content and sequence of the individual amino 
acid residues. Fischer has emphasized that there is an almost infinite 
number of possible sequences of amino acid residues. For example, it was 
calculated that thirty amino acid residues, among them eighteen of differ- 
ent nature, can give rise to the existence of 1.28 X 10^^ different 
proteins (18). 

The second general theory concerns the enzymic digestion of proteins. 
Proteins have been supposed to be degraded, step by step, into peptones, 
polypeptides, dipeptides, and eventually amino acids. It is assumed that 
each step is performed by a special enzyme or group of enzymes (22, 16). 
The first step, which consists in the degradation of the original high molecu- 
lar proteins, is attributed to enz 3 unes called proteinases, such as pepsin or 
trypsin. None of these proteinases was foimd capable of digesting simple 
peptides, — either natural or synthetic peptides. On the other hand, it was 
observed that the enzymes that attack simple peptides could not digest 
high molecular proteins. There was considerable discussion (20, 21) 
about the question as to how to reconcile the peptide theory with the fact 
that proteins are digested by enzymes which do not attack the peptide 
bonds of all the known low molecular polypeptides. Until very recently 
it has been assumed that proteinases are restricted to high molecular 

^ The text of this paper, which is based principally on results obtained in this 
laboratory, is presented as delivered, by invitation, at the Seventh National Organic 
Chemistry Symposium of the American Chemical Society, December 29, 1937, at 
Bichmond, Virginia. 
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substrates. On the other hand, it has repeatedly been suggested that 
proteins may contain large numbers of linkages that differ from peptide 
bonds and may be the points at which pepsin, trypsin, and other proteinases 
attack the protein molecule. None of these hypotheses has found suffi- 
cient experimental support. 

And, indeed, no experimental support could have been expected. If 
proteinases are in reality capable of attacking only high molecular proteins 
or certain special linkages found in high molecular proteins, it is obviously 
futile to expect to obtain any experimental evidence on the specificity of 
proteinases by the use of simple synthetic peptides. However, if we 
reexamine our knowledge regarding proteins, there arises some doubt 
whether the original premise of our argument is correct. The disparity 
in molecular weight is not the sole difference between proteins and peptides. 
Another significant difference lies in the fact that proteins contain prac- 
tically no free a-amino or free a-carboxyl groups, while peptides do contain 
such groups. The presence of these ionizable groups should influence 
decisively the polar character of the peptide molecule and of its peptide 
bonds, thus affecting the enzymic digestibility. Consequently we synthe- 
sized peptide-like substances of low molecular weight, which had neither 
free a-carboxyl nor a-amino groups and conformed to the general scheme 

R' . CO— NH . CHR^ . CO- NHR'" 

To our satisfaction, certain of these protein models were found to be easily 
digested by crystalline trypsin (8), others by crystalline chymotrypsin (6) 
and heterotrypsin (6, 12), and still others by the intracellular proteinases 
papain (13, 14, 15), cathepsin, and bromelin (7). For each of the repre- 
sentative proteinases, with the exception of pepsin, we were thus able to 
synthesize numerous substrates; a few of them are reported in table 1, 

Since the structure of these substrates may be varied in many ways, there 
is no longer any obstacle to a detailed investigation of the specificity of 
each of these enzymes. It was found that each proteinase has its individ- 
ual specificity and therefore its individual substrates. These synthetic 
substrates are the long-needed tools for a characterization of the specific 
nature and the exact quantity of proteinases contained in crude biological 
preparations and for an investigation of the homogeneity and the kinetics 
of purified enzymes. As an example of the usefulness of the synthetic 
substrates I should like to mention the discovery that commercial pan- 
creatin contains large quantities of a hitherto unknown tryptic enzyme 
which has been designated heterotrypsin. 

As another result of the study of synthetic protein models it must be 
mentioned that the digestive action of trypsin, pepsin, and other protein- 
ases does not stop with the formation of peptones but may, in part, proceed 
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to the formation of simple peptides or even amino acids* How far the 
digestion of a protein proceeds is a question not of the molecular size but 
of the structure of the intermediate products. The presence or absence 
of a-amino or a-carboxyl groups and the nature and sequence of side 
chains direct the course and limit the extent of the digestion. Very 
remarkable indeed is the highly differentiated specificity of our various 
digestive proteinases as illustrated by trypsin, chymotrypsin, and hetero- 
trypsin. It is generally assumed that the task of digestion is a complete 
breakdown of food proteins into amino acids. It appears, however, as 
though the digestive tract takes special precautions in order to conduct 
the digestion along certain structural lines. 

Table 1 also reports the fact that all the proteinases are specifically 
adapted to the splitting of peptide bonds. Therefore there is no doubt that 
the digestive action of these enzymes on proteins is performed at the 
peptide bonds. We no longer have to fear that proteins contain large 


TABLE 1 

Substrates of proteinases 


BNZTMB 

BUBSTRATB 

All enzymes 

R' • CO— NH ■ CHR" • CO— NHR"' 

Trypsin 

Benzoyl-2-arginine amide 

Chymotrypsin 

Benzoyl-i-tyrosylglycine amide 

Heterotrypsin 

Benzoylglycyl-Z-lysine amide 

Papain . 

Benzoylglycine amide 

Cathepsin 

Carbobenzoxy-i-leucylglycylglycine 

Bromelin 

Carhobenzoxyglycyl4-glutamylglycine amide 


numbers of linkages of unknown nature, but can without reservation 
consider the peptide bonds to form the essential links connecting the amino 
acid residues inside a protein molecule. 

Through our experiments with artificial substrates we have killed two 
birds with one stone: we have arrived at a new concept of enzymatic 
proteolysis and, simultaneously, we have strengthened the general validity 
of the peptide theory — or, at least, of one claim of the peptide theory. 
We can now be certain that proteins have the structure of peptide chains. 
However, within the peptide scheme of proteins there are still a number of 
variables, such as (f ) the length of the peptide chain expressed in the total 
number of amino acid residues contained in one molecule of a protein, and 
{ 2 ) the ratio and the sequence of the individual amino acid residues con- 
tained in that protein molecule. By the variation of the total number, the 
ratio, and the sequence of the amino acid residues, there is possible, theo- 
retically, an infinite number of proteins. Actually, it was found that only a 



426 


MAX BERGMANN 


limited number of these variations are realized in nature (9, 10, 11), This 
important fact is demonstrated in tables 2 and 3. In table 2 there is 
reported the analysis of several constituents of cattle blood globin. In 
table 3 there are found the numbers of amino acid residues per molecule in 
four proteins of rather different physiological significance, such as the 
albumin of the chicken egg, the globin and the fibrin of cattle blood, and 

TABLE 2 


The number of amino acid residues per molecule of cattle blood globin 


1 

AMINO ACID JtKSIDUB 

(2) 

WBIOHT 

(3) 

BSfilDUE 

WEIGHT 

QKAM-BQXnVA- 
LBNT8 PER 

100 GRAMS OF 
GLOBIN 

(5) 

RECIPROCAL 

FBAfTIONAL 

VALUE 

(0) 

RATIO (number 
OF INDIVIDUAL 
RESIDUES PER 

molecule) 

Lysine 

per cent 

7 01 

128 

0 0546 

16 

36 

Histidine 

6.54 

137 

0.0478 

18 

32 

Aspartic acid 

5 63 

115 

0 0479 

18 

32 

Glutamic acid 

3,07 

129 

0 0239 

36 

16 

Tyrosine 

2 97 

163 

0 0182 

48 

12 

Proline 

1.77 

97 

0.0182 

48 

12 

Arginine 

2 78 

156 

0.0181 

48 

12 

Cysteine 

0 47 

103 

0 0046 

192* 

3* 

Average 


115 5 

0.866 

1 

576 


* Calculated as cysteine. 

Ths percentage found for an individual ammo acid residue (column 2), divided 
by the weight of this residue (column 3), gives the number of gram-equivalents of 
this residue found per 100 grams of globin (column 4). 

The average weight of all amino acid residues in globin is 115.6. Therefore, 100 
grams of globin contains 100/116.6 » 0.865 gram-equivalent of an average amino acid 
residue. 

Lysine comprises 0.0546/0.865 «** 1/16 of all the constituent residues of globin; 
histidine comprises 0.0478/0,866 « 1/18; etc. (column 5). 

The ratios in column 6 are obtained directly from column 4. 

By multiplying a value of column 6 by the corresponding value in column 6, one 
obtains the total number of amino acid residues contained in one molecule of globin. 
Globin thus contains 36 X 16 * 576 residues of an average weight of 115.5. Globin 
therefore has a molecular weight of 576 X 115.5 66,520. This is a minimum value. 

The correct value may be a whole number multiple thereof. 

the fibroin of the silkworm fiber. Time does not permit a description of 
the newer and relatively simple methods which enable us to perform the 
estimation of quite a number of amino acids with a high degree of preci- 
sion (11, 3, 1, 2). 

When we analyze a protein as, for example, cattle hemoglobin, our 
analytical methods enable us to find that one molecule of this protein 
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contains thirty-six lysine units, and that these units are one-sixteenth of the 
total number of Units contained in one molecule of cattle hemoglobin. 
When the number of individual units (iV,) and the reciprocal fractional 
value (Ft) are multiplied by each other, we find the total nmnber of amino 
acid residues in one protein molecule, as shown in equation 1 of table 4. 
The values reported in table 3 for the amino acid content of four proteins 

TABLE 3 


The number of amino acid residues (units) per molecule of various proteins 


AMXNO ACZD 

CATTLE QLOBZN 

CATTLE FIBBIN 1 

CHICKEN 

EOQ ALBUMIN 

SILK FIBROIN 

All amino acids . 

2«X3» 

2« X 3* 

3» X 3> j 

2» X 34 

Arginine 

2* 

X 

3» 

26 

X 

30 

2» 

X 

31 

28 

X 

31 

Lysine 

2* 

X 

3* 

2* 

X 

31 

2* 

X 

31 

28 

X 

30 

Histidine 

26 

X 

30 

2* 

X 

31 

2* 

X 

30 

20 

X 

30 

Aspartic acid 

26 

X 

30 

2» 

X 

30 

26 

X 

30 




Glutamic acid 

2* 

X 

30 

2* 

X 

3» 

28 

X 

3* 




Glycine 










1 2* 

X 

36 

Alanine 










2* 

X 

36 

Tyrosine 

2» 

X 

31 




2» 

X 

30 

21 

X 

36 

Proline 

2* 

X 

3» 

26 

X 

30 







Tryptophane 




21 

X 

3> 







Cysteine 

20 

X 

31 

20 

X 

3» 

2» 

X 

30 




Methionine . . 




2* 

X 

31 

2* 

X 

31 




Molecular weight 

66,520 

69,300 

35,700 

217,700 


TABLE 4 

General formulas regarding the number of units per molecule of the proteins of table S 

(1) iNTt X Ft « Nt 

(2) N t ^ 2^ X 3^, where m and n are positive whole numbers 

(3) Nt ^ 2r' X 3”'l where m', n\ and are either zero or positive whole num- 

(4) Ft « X 3«"j bers 
(6) m « m' + w'' 

(6) n ^ n' n" 


reveal the surprising fact that Ni and Ft, and therefore Nt, can be expressed 
by powers of 2 and 3, as shown in the general equations 2, 3, and 4 of table 4. 
Everyone who is familiar with the history of protein chemistry may feel 
somewhat amazed on being confronted with a simple stoichiometry of the 
protein molecule and with numerical rules such as are reported in table 4. 
Perhaps it would not seem to be superfluous to point out that these rules 
are not mere hypothetical conceptions but actual experimental results. 
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The experiments on which these results are based cover, at the present 
time, only a restricted number of proteins. However, the numerical rules 
observed are of so pronounced a uniformity that it seems natural to gen- 
eralize their validity beyond the four proteins which have been discussed. 
There already exist indications that similar numerical rules hold good for 
many other natural proteins. As such proteins there may be mentioned 
collagen (analyzed by Niemann and Stein in this laboratorjO, elastin 
(analyzed by Miller and Stein in Dr. Hans T. darkens laboratory), and 
insulin (du Vigneaud). Furthermore, the finding of Svedberg and his 
collaborators that the particle sizes of many proteins exhibit approx- 
imate numerical regularities has been interpreted as pointing to a 
common plan for the building up of the protein molecules (23). 

This common plan has its basis in our equation 2 (table 4). Equation 2 
expresses the fact that the molecules of various proteins fall into classes 
containing a definite number of amino acid units : for example, chicken egg 
albumin falls into the class with 288 units, cattle blood globin and fibrin 
into the class with 576 units, and silk fibroin into the class with 2592 units. 

If a protein consists exclusively or almost exclusively of amino acid 
units, then an elementary calculation permits the transformation of the 
total number of units into the molecular weight of the protein. The 
chemical analysis reveals not only the total number of units but also their 
average weight. By multiplying the total number of units by their aver- 
age weight we get a fairly accurate value of the molecular weight. As in 
the case of simpler compounds, a molecular weight obtained by chemical 
analysis is a minimum value and the true value may be a whole number 
multiple thereof. The molecular weights obtained for the four proteins 
considered in table 3 are, respectively: 35,700; 66,520; 69,300; and 217,700. 
Here we find, indeed, a regularity similar to that observed by Svedberg 
by means of the particle size method. It is apparent, however, that the 
regularity of the molecular weights is, and can only be, an approximate one. 
It is quite instructive to compare fibroin with egg albumin. The average 
residue weight of fibroin is unusually low, since it consists for the most part 
of small amino acid units; therefore its molecular weight is only six times 
that of egg albumin, although fibroin has nine times the number of units 
of egg albumin. 

In order to understand the meaning of a molecular weight of a protein 
just as in the case of a simpler compound, we have to know the kind and 
the number of its constituents and the structural pattern in which they are 
arranged. In the case of many natural proteins the number of units is 
expressed by the numerical rules stated in equations 2 to 4. These rules 
must have a basis in the structural pattern of the protein, — ^that is, in the 
sequence of the amino acid units. These units cannot be distributed at 
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random. Their sequence must rather be such that it includes by implica- 
tion the numerical rules found experimentally. There is only one struc- 
tural principle that fulfills this requirement: it may be illustrated by the 
example of silk fibroin, since of all the well-known high molecular proteins 
fibroin has the simplest pattern. Exactly one-half of the constituents of 
fibroin are glycine residues. This fact may be expressed in the conclusion 
that every second amino acid residue in the peptide chain of fibroin must 
be a glycine residue (G) : 

~G— X— G--^— G~X--G--X--- 

Every fourth residue in the chain is an alanine residue (A) : 

— A~X 8 “A— X3— A— Xa— A— Xs— 

Every sixteenth residue is a tyrosine residue (T) : 

— T— X16— T— X16— T— X16— T~Xi 5 — 

And every two hundred and sixteenth is an arginine residue (Ar) ; 

— Ar — X215 — Ar — X215 — Ar — X216 — Ar — X21 & — 

When the above four schemes are combined into one, we obtain the follow- 
ing structure of a segment of the silk fibroin molecule representing 432 
amino acid residues or one-sixth of the whole molecule: — G — A — 
G—T™G—A—G—Ar—G—A—G—X—G—A—G—X—[G-A—G— 
T—G~A--G--X~-G-~A—G—X--G—A—G—X]i 2 —G—A--G---T— 
G— A~<}— X--G~A— G— X--G— A~G~Ar— [G— A— G— T-~G— A— 
G — X — G— A— G— X — G—A — G — X]i 8 — . As a general rule, the amino 
acid residues of a protein molecule may be arranged in such a way that 
each individual residue repeats itself throughout the protein molecule at 
constant intervals, i.e., with a regularly recurring frequency. The fre- 
quencies are different, in general, with respect to various kinds of amino 
acid residues of the same molecule. The protein molecule thus contains a 
number of different, superimposed frequencies. This principle of the 
superimposed frequencies confers a relatively simple structural pattern 
upon the giant protein molecule. Living organisms therefore do not 
achieve the synthesis of the immense number of proteins provided by the 
peptide theory in its original conception, but seem to synthesize only those 
proteins that exhibit these simple numerical rules and the pattern of the 
superimposed frequencies. How is such a limitation in the number and 
types of naturally occurring proteins to be explained? It seems to me to 
have its origin in the mechanism of the biological synthesis of protein 
molecules. As long as we expected to meet in nature every kind of protein 
provided by the peptide theory in its general, unrestricted form, we had no 



430 


MAX BERGMANX 


indication of the means by which the variety of natural proteins is pro- 
duced. The discovery of the quantitative rules governing the protein 
molecule makes the biological synthesis of an individual protein molecule 
appear as a process which involves a specificity that is both highly delicate 
and extremely complex. Such specificity phenomena are a clear indication 
of the operation of an enzymatic process which directs all the steps in- 
volved in the synthesis of the special pattern of each individual protein. 
We have approached this problem experimentally in the belief that in 
living cells proteinases should direct the synthesis of proteins and should 
exhibit some kind of specificity hitherto unknown. 

It has been supposed for quite a while that proteolytic enzymes may be 
involved in protein synthesis. A number of investigators — as, for exam- 
ple, Wasteneys and Borsook (26), Taylor (24), and Voegtlin and his 
collaborators (25) — have studied the changes in substrate concentration, 
pH, and activation which might be necessary in order to divert the action 
of those enzymes from protein splitting to protein synthesis. All these 
investigators had to perform their experiments with very complex mixtures 
of protein digestion products, the very structure of which was unknown. 

Under such experimental circumstances a large number of chemical and 
physical conditions influence a multitude of different peptide bonds, and 
the analytical findings are often a summation of many conflicting, partial 
results. In order to obtain clear-cut results, it is necessary to simplify the 
experimental conditions fundamentally. Here we were able to use to 
advantage our finding that the enzymes which attack genuine proteins 
also act on very simple substrates, provided that th<se substrates meet the 
specificity requirements of the enzyme involved. 

Our experiments were performed with the best known intracellular 
proteinase, the papain of the so-called melon tree. It was readily estab- 
lished (4, 5) that such enzymes, when activated, are capable of performing 
four different types of reaction (table 5). 

(i) The hydrolytic effect of papain, which may best be illustrated by 
the splitting of benzoylglycine amide into benzoylglycine and ammonia, is 
well known. 

(£) The phenyl derivative of the benzoylglycine amide just mentioned 
is not at all split by papain; on the contrary, it is synthesized from benzoyl- 
glycine and aniline when papain is present. Such syntheses, in many cases, 
reach 100 per cent and proceed with remarkable speed. When the synthe- 
sis of benzoylleucine anilide from benzoyl-Weucine and aniline is performed 
in a 2 to 3 per cent solution, after 5 minutes the mixture is already solidified 
by the crystallization of the anilide synthesized. As another example 
the synthesis of benzoylleucylleucine anilide from benzoylleucine and 
leucine anilide may be mentioned. Here the enzymic action combines 
two natural amino acids with each other through a genuine peptide bond. 
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(5) When benzoylglycine amide is treated with a diluted solution of 
aniline in the presence of papain, the aniline replaces the amide group with 
the formation of benzoylglycine anilide. 

(4) On the other hand, when a mixture of benzoylleucine and glycine 
anilide is treated with papain, the benzoylleucine replaces the glycine 
residue with the formation of benzoylleucine anilide. 

Reactions of types 3 and 4 deal with the replacement of one group by 
another.® Such replacement reactions have hitherto not been considered 
in connection with proteolytic enzymes. And yet they may in many cases 
complicate the situation when we perform an enzymic digestion of a 
protein. 


TABLE 5 

Reaction types catalyzed by papain 

(1) OeHj-CO— NH CHrCO-NH2-> CaHfi CO— NH CH2‘C00H + NH, 

(2) C^Hfi CO— NH CHa COOH + NHa-CoHs 

C,H6 • CO— NH • CHi • CO— NH • CeH* 
Bz— NH CH-COOH -f NHj CH CO— NH CeH^ 
i^Hg C4H9 

Bz— NH CH CO— NH CH CO— NH-CeH* 

Kn, c^Hj 


(3) CeHs OO— NH CH2 CO— NH2 + NHa CeH* 

CeHe CO— NH CH2 CO-NH CcHs + NH, 

(4) Bz— NH CH-COOH -f NH2 CH2 CO— NH CeH, 

kn, 

Bz— NH CH CO— NH C,H, -f NH2 CH2 COOH 


C4H2 


With respect to the problem of the biological synthesis of proteins, our 
finding that the four types of enzymic reactions described above occur 
under identical conditions of pH, activation, etc., seems to be of some 
significance. No longer can it be claimed to be a general rule that hydrol- 
ysis occurs at one pH and synthesis at another. 

Which one of the four types of reaction discussed above may occur in a 
living cell at a given moment is determined in the first place by specificity 
phenomena, that is, by the specificity of the enzyme involved and by the 
structure of the substrates available. The mutual interdependence be- 
tween the substrate structure and the specific action of an enzyme may be 

* It is at present not certain whether replacements of type 4 proceed directly or 
through some more complex mechanism. 
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illustrated by the fate of several comparative series of substrates when in 
contact with an enzyme. 


Series A (papain) 

Benzoylleucylglycyllglycine Hydrolyzed 

Benzoylleucyl jleucylglycine Hydrolyzed 

Series A deals with two molecules of identical chain length and identical 
general type. They differ only with respect to the nature of one aliphatic 
amino acid residue, and yet this small difference effects the shift of the 
point of hydrolysis from one peptide bond to another. 

Series B (papain) 

Benzoylleucine + Leucine anilide Benzoylleucylleucine anilide 
Benzoylleucine + Glycine anilide Benzoylleucine anilide 

Here we compare two reaction systems of the same type. They differ only 
in that the first system contains a leucine residue, whereas the second 
system contains a glycine residue. This difference causes the two sub- 
strates to react differently under the influence of papain. The first system 
undergoes a synthesis, the second system a replacement reaction. 

Series C (papain) 

Benzoylleucyl | leucylgly cine Hydrolysis 

Benzoylleucine + Leucine anilide Synthesis 

The two systems considered in series C contain the same amino acid 
residues as constituents participating in the enzymic reaction. The two 
systems differ, however, with respect to substituents outside the sphere 
of enzymic action. As a result, the two systems react under the influence 
of papain in opposite directions. 

Series D (chymotrypsin) 

Benzoyltyrosine amide No hydrolysis 

Benzoyltyrosylglycine No hydrolysis 

Benzoyltyrosyl|glycine amide Quick hydrolysis 

Benzoyltyrosylglycylglycine amide Very slow hydrolysis 

Series D deals with substrates for chymotrypsin. Exactly as in series C, 
we find remote sections of the molecule influencing the splitting of a given 
peptide bond. 

The various reactions just discussed demonstrate the pronounced speci- 
ficity of proteinases and, on the other hand, the rather complex nature of 
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this specificity. By the term ^'enzymatic specificity” we have usually 
designated the fact that a relatively slight modification of the substrate 
may inhibit the enzymatic action. The specificity of proteinases, how- 
ever, is such that structural alterations of the substrate very often do not 
inhibit the action of the enzyme, but shift the point of enzymatic attack or 
alter the type of enzymic reaction. A proteinase is capable of producing a 
variety of reactions and of reacting on a variety of substrates. Neverthe- 
less, on each substrate it performs in general only one unequivocal reaction. 
This combination, in a single enzyme, of versatility and unequivocal action 
may be of the greatest significance in the biological synthesis of individual 
proteins. 

Before we discuss the possible course of such a biological synthesis, there 
should be mentioned another aspect of the specificity phenomenon, having 
its basis in the complex nature of the substrate. It lies in the fact, which 
was mentioned before, that the enzymatic behavior of a peptide bond is 
frequently influenced by distant sections of the substrate molecule. A 
peptide bond between two individual amino acid residues is not an inde- 
pendent entity endowed with specific properties of its own. The energy 
content and the specific nature of a peptide bond are the resultants of the 
interaction of many sections of the entire substrate molecule. Such an 
interaction of the various sections of a molecule is common to all kinds of 
compounds. However, its consequences are very impressive and extremely 
significant in the synthesis of protein molecules, since here we have to deal 
with the action of enzymes possessing a highly sensitive specificity and with 
a reaction sequence consisting of at least hundreds of single steps, each of 
which offers a great variety of modifications. 

Thus, for example, during the synthesis of a fibroin molecule several 
thousands of peptide bonds are formed. We may visualize this synthesis 
as consisting of a large number of single steps. A few of them are repre- 
sented in table 6. Each of these steps means the attachment of an amino 
acid residue or a peptide residue to the rudimentary fibroin molecule. In 
the interest of simplicity only the attachment of single amino acid residues 
is considered in table 6. In each single step of the synthesis the enzyme 
makes a precise selection from the variety of available amino acids, attach- 
ing in one step of the synthesis glycine, in the next step alanine, then 
glycine, tyrosine, glycine, alanine, and so on. Each step of the synthesis 
changes the size and the structure of the rudimentary fibroin molecule, and 
simultaneously the nature of the amino acid to be attached varies also from 
step to step. The synthesizing enzyme has to act on a different substrate 
in each single step; by its action in one step it has used up the reaction 
product of the foregoing step and has synthesized the substrate of the 
next step. 
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Thus, according to this picture, the highly organized pattern of a protein 
molecule is the result of a reaction sequence, consisting of numerous single 
yet interdependent steps. It is the capability of the proteinases to perform 
long sequences of reactions in an unequivocal way that is instrumental in 
producing the unequivocal pattern of an individual protein. Neither an 
enzyme specifically restricted to a single substrate nor an enzyme acting 
on various substrates in an unspecific manner could produce the unique 
pattern of an individual protein. We can explain the formation of proteins 
only by postulating the presence in living organisms of enzymes capable of 
acting on a multitude of substrates and having the property of acting on 
each of these substrates in a sharply defined manner. The specificity of an 
individual enzyme predetermines the molecular pattern of the protein 
synthesized by this enzyme. The numerical rules governing a protein 
molecule have their basis in the specificity of the enzyme involved. Here 

TABLE 6 

Synthesis of a segment of the fibroin molecule 
The symbol R refers to the rudimentary fibroin molecule at a given stage of the syn- 
thesis. The symbols G, A, and T refer respectively to the residues of 
glycine, alanine, and tyrosine. 

B 4- glycine — ► R- glycine 

R* glycine -f alanine — ► R G- alanine 

R*G* alanine -f glycine — ♦ R G- A- glycine 

R G-A glycine 4- tyrosine R-G-A-G tyrosine 

Pv* G A G tyrosine 4* glycine — ► R G A-G T-glycine 

R G-A G T glycine 4- alanine — ► R-G A-G T-G-alanine 

R-G A-G-T G alanine + glycine — ♦ R G- A G-T-G- A glycine 

R G-A-G T*G A-glycine 4- arginine -* R G- A-G-T-G- A-G-arginine 


we arrive for the first time at a physicochemical concept of the predeter- 
mination which is an inherent attribute of many phenomena of life. 

The question of whether hereditary phenomena are connected with and 
explained by a transmission of individual proteins has frequently been 
discussed. On the basis of the conclusions which we have reached, it 
seems that the essential substances transmitted from one generation of 
cells to the next must be enzymes, and that they have to be enzymes gifted 
with the capability of synthesizing individual proteins by predetermined 
sequences of specificity reactions. There is already considerable evidence 
that proteinases themselves are proteins, or contain proteins as essential 
molecular constituents. Therefore the proteinases owe their existence to 
the preexistence of other proteinases. There is, in life, a practically 
endless sequence of sequence reactions, in which one proteinase synthesizes 
the next by a predetermined reaction, and so forth. The sequence breaks 
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oflF whenever a proteinase has S 3 nnthesized a protein that does not possess 
enzymatic properties. 

Will we ever be able to copy in vitro the synthesis of natural proteins? 
I do not know whether we may succeed sooner or later (probably later) in 
S3mthesizing proteins with the aid of proteinases and without the coopera- 
tion of living cells. However, I am doubtful how much a synthesis of this 
kind would add to our understanding of protein chemistry and life phe- 
nomena. At the present moment it would seem to be of still greater 
significance that we have available methods to study the composition and 
the transformations of proteins and the specificity of proteinases with the 
same precision as in the case of simpler substances and simpler phenom- 
ena. Thus we may hope to extract much new information about the 
numerous physiological and pathological processes that are dependent 
upon the formation, the presence, or the transformation of proteins, 
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In a previous review (9) there was presented the evidence for the exist- 
ence of free radicals, designated as semiquinones, which are intermediate 
products formed in organic oxidation-reduction reactions. At that time 
emphasis was placed on the experimental basis of the theory. Since then, 
with the accumulation of more actual examples in other laboratories as 
well as in this one, it has been possible to extend and to simplify the whole 
underlying theory. Because the importance of the problem has become 
more generally recognized, it is worth while now to present this theory 
comprehensively, and to develop it not from the historical but from a 
purely logical point of view. Since it is the purpose of this review to 
unify work scattered through various publications (8, 10 to 19, 21) changes 
have been made in some of the equations, but the equivalence of the new 
forms with the earlier ones will easily be recognized. Another problem 
to be discussed in this review is the relation between the equations for this 
stepwise oxidation and the equations for the stepwise ionization of dibasic 
acids. 


I. THE FUNDAMENTAL KEDUCTION PROCESS 

If a substance. A, can undergo a reversible reduction by accepting an 
electron,^ the process may be represented thus: 

A + € - A“ (1) 


^ List of symbols used: 

€ »« electron, 

H'*’ ■“ proton, 

a «> total amount of the substance, in moles, 
r » amount of R, the reduced form, 
s amount of S, the semi-oxidized form as semiquinone, 
t »■ amount of T, the totally oxidized form, 
d ■■ amount of D, the semi-oxidized form as dimer, 

X « equivalents of added oxidizing agent, 
k — formation constant of the intermediate semiquinone form, 

437 



438 


L. MICHAELIS AND M. P. SCHUBERT 


If the product, A““, happens to be the ion of a weak acid it will tend to 
combine with a proton furnished either by the oxonium ion OHj", if the 
solvent contains water, or by any other acid in Bronsted^s generalized 
terminology: 

A- + 11^^ AH (2) 


K 

7 

X 


P 

9 

E 

El 

Et 

E, 
Ku Ki 
RT 

V 

Q 

G 

L 

B 

N 

a 

k* 

aB 


«* dismutation constant * 1/A;, 



a 


- 1 - M* 

t 

s 

r 

flat — 

8 

■« \/\ -H y\ * \/l 4- (4ic — 1)(1 — M*) 

* potential, 

« mean normal potential, 

-* normal potential of the lower step, 

*= normal potential of the higher step, 

** -^(at 60 % oxidation) -^^(at 25 % oxidation) ** index potential, 

* the two ionization constants of a bivalent acid, 

« product of gas constant and absolute temperature (printed in italics, 
in distinction to the above R and T), 
n volume of solution containing total substance, a, 
vd 

as 

rt 
rd 
“ s* 

Qa 

V 

» slope of titration curve at midpoint where m “ 0, 
aE 

- t/r « 10®^ 

“ RT 

El 

“ Kt 

is the difference between any observed potential and the midpoint 
potential. 
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If these two processes occur simultaneously the net effect can be repre- 
sented by the combined reaction: 

A -f- € + AH (3) 

or 

A + H ^ AH (3a) 

Only in such a case is the term “reduction^* entirely equivalent to hydro- 
genation. 

Exactly the same argument applies to the bivalent oxidation-reduction 
process of a substance B when the two steps occur simultaneously. The 
corresponding reactions are: 

B + (4) 

B -f 2€ + 2H+ ;;:± BHz ' (4a) 

B + 2H BHj (4b) 

There are other variations in the form in which these reactions some- 
times need to be written. For example, the reduction of an ester is repre- 
sented by: 

RCOOEt + 2€ -b H+ ECHO -h (OEt)- (5) 

However, the common feature of all these equations and the essential 
characteristic of the reduction process is that the compound undergoing 
reduction accepts electrons, as expressed in equations 1 and 4. This 
process may be, and in most cases is, accompanied by changes in the con- 
dition of ionization of products first formed. That is to say, the product 
resulting from reaction 1 or 4 may immediately attach or detach protons 
or hydroxyl ions, depending on its acidity and on the medium in which it is 
formed. Any such changes in state of ionization, although usually accom- 
panying the reduction, must be kept logically distinct. It is often con- 
venient to write reduction reactions in the forms of equations 3a or 4b, 
but for the purposes of developing a unified and consistent theory and a 
set of equations to describe the electrochemical facts of reduction, equa- 
tions 3a and 4b must be thought of as broken into the two parts repre- 
sented by equations 1 and 2. 

A few examples will illustrate this idea. Consider the reduction of an 
aldehyde. The electronic structures corresponding to equation 4 are: 



440 


L. MICHAELIS AND M. P. SCHUBERT 


The product formed would be the divalent ion of an unmeasurably weak 
acid and would immediately attach protons to form the alcohol: 

H 

R:C:0:H 
H “ 


But this addition of protons has nothing to do with the reduction process, 
which is entirely contained in equation 6. 

A similar case is afforded by the reduction of ethylene to ethane, in 
which the reduction and proton-attaching processes are: 


H H 

H:C::C:H + 2^ 


“ HH 1-- HH 

H:C:C:H + 2H+ H:C:C:H (7) 

HH 


The pairs of molecules AH and A" or BH 2 and B of equations 2 and 4 
may be said to be two states of ionization of the same acid, of which the 
ionized form in some cases may be practically incapable of existence. 

Other cases also arise in which the ionization process involves hydroxyl 
or alkoxyl ions instead of protons. For example, the reduction repre- 
sented by equation 5 can be written electronically : 

R:C::0: [rOiEt]' + [R:C::0:p ^ [r:C::0:]~ 

: 0 : 

Et 

H 

H+ . . . • 

— R:C::0: 

In this case the attachment of the electron pair and the detachment of the 
ethoxyl group may occur simultaneously, but again the latter is an ioniza- 
tion step and must not be confused with the reduction itself. 

In what follows equations 1 and 4 are considered as the elementary reduc- 
tion process. The changes represented by equations 2, 3, 3a, 4a, and 4b con- 
tain features not belonging to the process proper of oxidation-reduction. 


II. STEPWISE REDUCTION AND THE EXISTENCE OP FREE RADICALS 

Usually in organic compounds reduction is bivalent, that is, it involves 
taking up two electrons, as represented in equation 4. This is because 
almost without exception the compounds which have been considered as 
stable organic molecules contain an even number of electrons. But it now 
appears that there is no reason why this must be so. In carrying out the 
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reduction represented by equation 4, by gradually add&g a reductant to B, 
the process may take place in steps: 

B + € ^ B- (8) 

B~ + € ;?± B 

In the reduction represented by equation 4 each molecule of B takes up 
two electrons simultaneously and only two molecular species, B and B — , 
are involved in the equilibrium. In the reduction represented by equa- 
tion 8, however, each molecule of B first takes up one electron to form B". 
When such a reduction is performed by titrating with a reducing agent, 
three molecular species, B, B", and B — , will be present in equilibrium 
with each other. It is a detailed analysis of this equilibrium which is one 
of the major objects of this review. From simple mass law equations, 
functions are derived which express the amounts of B, B"", and B present 
at successive stages throughout such a reduction. One of the consequences 
of the existence of this equilibrium is that it is in general impossible to iso- 
late the intermediate form or even to study it alone in solution. It is an 
essential property of these intermediate oxidation levels that they are al- 
ways in a mobile equilibrium with the compounds on the next higher 
and the next lower step of oxidation, whereas ordinary valence-saturated 
organic compounds are usually inert with respect to establishing equilibria 
with other valence-saturated compounds. Acetaldehyde does not dismute 
to ethyl alcohol and acetic acid in an acid or neutral solution, although it 
would be possible, speaking purely thermodynamically. In contrast, the 
establishment of the equilibrium of a radical of the type mentioned with an 
electron donor or acceptor is just as unhampered as that of an acid or base 
with a proton donor or acceptor. If a large part of B is converted to B** 
before B" begins to accept electrons to form B , then the two steps of 
reduction of equation 8 will be separated. But if B*“ begins to accept 
electrons while much B is left, then the steps will be said to overlap. In 
the reduction represented by equation 4 the overlapping is complete, and 
equation 4 is a limiting case of equation 8. 

If B is a common organic molecule such as an aldehyde or a quinone it 
will have an even number of electrons and so B” must have an odd number. 
For example, if the reduction of the aldehyde in equation 6 were to pro- 
ceed in separated steps, it would be necessary to consider the existence of 
molecular species such as: 
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Likewise, the intermediate step in the reduction of ethylene (equation 7) 
would have to be 

“ H H 

H:C:C:hJ 

or, on adding a proton, 

” HH ' 

H:C:C:H 

H 

that is, the ethyl radical would be the result. These particular radicals 
are not capable of existence to any measurable extent as components of 
equilibrium systems, at least not at ordinary temperatures. However, 
the compound of styrene and sodium probably has some such structure. 

Outside the gas phase studies, there have been two approaches from 
which free radicals have been considered in the, past. The first deals with 
actual isolation of radicals and determination of their molecular weights as 
shown, for example, in the extensive studies on compounds of the types of 
triphenylmethyl, diphenylnitrogen, triphenylhydrazyl, or diphenylnitric 
oxide. Radicals of these types have rarely been studied in aqueous solu- 
tions, because they are often very unstable in water. In organic solvents 
the equilibria involved in the combination of such radicals with themselves 
(dimerization) or with other radicals have been studied. On the other 
hand, reactions of such radicals to form simultaneously molecules of a 
higher and a lower oxidation level (dismutation), although known to 
occur, have not been so extensively studied. 

The second approach to a study of free radicals included both organic 
and inorganic radicals and applies to such radicals in aqueous solutions; 
on the other hand, the studies are not on equilibrium systems and the 
existence of the radicals is not based on such direct evidence. Radicals of 
this sort are discussed by Franck and Haber (5) and by Haber and Will- 
statter (7, 6). As an example of the type of system studied, there is the 
oxidation of sulfurous acid by oxygen catalyzed by copper ion. Radicals 
are postulated as the primary molecular species formed. They are sup- 
posed to have a very short life time, since they are either oxidized or re- 
duced immediately as they arise, or they are supposed rapidly to undergo 
irreversible side reactions such as dimerization to valence-saturated com- 
pounds. The radicals are members of a chain of reactions which may break 
sooner or later according to conditions and so lead to different final states 
of the system. The formation of the radical is supposed to require a con- 
siderable activation energy, and the course of the process depends on 
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kinetic factors. Thus the existence of radicals as intermediate steps in 
bivalent oxidations is studied, but the reactions considered are not se- 
quences of continuously shifting thermodynamical equilibria but are in 
part irreversible processes. 

The experimental basis on which the semiquinone theory is built sup- 
plies a new method for the study of radicals. Semiquinones are free 
radicals. They also frequently happen to be ions, because the substances 
dealt with have acid-base properties. They are stable molecules existing 
as intermediate oxidation levels in thermodynamic equilibrium in reversi- 
ble bivalent reductions in aqueous solution. A measure of their stability 
is afforded by the steadiness of the electric potentials which can be obtained 
in systems of which they are components at precious metal electrodes. 
That such odd electron molecules can be stable is no more surprising 
than the stability of many other organic radicals whose radical nature is 
based on direct determinations of molecular weight. Direct determina- 
tion of the molecular weight of semiquinones by any of the usual methods 
is in general not possible, since they exist in equilibrium with their oxidized 
and reduced forms. 

Most of the substances in which semiquinone formation has definitely 
been shown to occur to a well-measurable extent are aromatic or hetero- 
cyclic compounds. In all cases the reduction can be interpreted as the 
stepwise addition of two electrons to atoms at the ends of a system of 
conjugated double bonds. The atoms at the ends of this system are usually 
oxygen or nitrogen atoms. In the first case the semiquinone level is fa- 
vored in alkaline solutions, and in the second case it is favored in acid 
solutions. In all such examples the stability of the odd electron semi- 
quinone molecule is due to the formation of a more or less symmetrical 
resonance system. It seems likely that the reason the formation of semi- 
quinones has so far been observed only in molecules containing a con- 
jugated system of double bonds is that such a system can act as an electron 
reservoir or electron ^^buffer”. In accepting a single electron there exist 
a number of different ways of rearranging the whole electronic system 
of the molecule to aocommodate the added electron. In each such arrange - 
ment of the electrons one atom of the conjugated system must be associated 
with an odd number of electrons. If the structure of the molecule is 
symmetrical, or at least nearly symmetrical, the odd electron may be 
imagined to oscillate between the two symmetrical moieties, just as the 
electron of the hydrogen molecule ion, resulting in resonance, which has 
been recognized, since Heisenberg^s work, as a stabilizing factor. 

On the other hand, consider the reduction of a simple aldehyde as repre- 
sented by equation 6, or of a simple ethylenic compound as represented 
by equation 7. Such molecules might similarly be imagined to accept 
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electrons singly, giving rise to the radicals represented on page 8. Owing 
to lack of symmetry, there is a smaller chance of stability. This is just a 
general principle which we cannot yet survey in detail. Even without 
such a symmetrical structure, intermediate oxidation levels might still 
exist in concentrations extremely low indeed, but sufficient to play an im- 
portant rdle in the kinetics of oxidation-reduction reactions. 

III. DISMUTATION AND DIMERIZATION 

The reaction 2B“ — > B + B will be referred to as dismutation. This 
is analogous to the Cannizzaro reaction or disproportionation, insofar as 
a given molecular species gives rise simultaneously to a higher and a lower 
state of oxidation. But in the Cannizzaro reaction both the oxidation and 
the reduction are bivalent as in the case of an aldehyde, considered in its 
hydrated form: 

2R CH(0H)2 R.CH 2 OH + R COOH 

In a dismutation, on the other hand, the oxidation and reduction are uni- 
valent, such as might occur with the hypothetical radical, R*C(OH) 2 , 
namely; 

2R.C(0H)2 R.CH(0H)2 + R COOH 

Among other reactions beside dismutation, which radicals can undergo, 
the process of dimerization is particularly important. In fact, triphenyl- 
methyl is more usually looked upon as a dissociation product of its dimer, 
hexaphenylethane, than as an oxidation product of triphenylmethane. 
Although from the standpoint of classical organic chemistry dimerization 
is the most probable reaction for a radical to undergo, this reaction is not 
so general as was believed. It is true that radicals such as CHs easily 
dimerize rather than dismute. Furthermore, the first oxidation product 
of sulfhydryl compounds (hydrogen sulfide, sulfites, thiosulfates, and mer- 
captans) that can be detected is a disulfide : 

2RSH ;=± RSSR + 2H 

This may be accounted for by assuming that a radical first forms which 
immediately dimerizes. Franck and Haber (5) presented good evidence 
for this assumption in the case of the oxidation of sulfurous acid. 

Until quite recently the semiquinones seemed to differ from other known 
organic radicals in that the examples known showed no tendency to dimer- 
ize. There are two conditions which may account for this. In the first 
place, studies of the semiquinones have been made potentiometrically on 
aqueous solutions of electrolytes. To get titration curves that could easily 
be interpreted thermodynamically the work was always carried out in 
dilute solution, ranging from 10’"* to 10~‘ molar. Such dilute solutions 
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are of course not favorable to the formation of dimers. In the second place, 
while the equilibria of dimerization of organic radicals have usually been 
studied in non-associated organic solvents, semiquinones are always studied 
in aqueous solution, which might favor the dissociation. However, there 
have recently been found several cases in which it has been possible to 
show that semiquinones can dimerize, and the extent of the dimerization 
has been measured (14, 19). 

In general, a radical may be said to be capable of two kinds of reaction, 
— dismutation and dimerization. Sometimes the one prevails, sometimes 
the other. Unless the tendency to dimerize is very strong, as it is in the 
formation of disulfides, experimental conditions can be arranged to make 
the dimerization negligible. For, since dimerization is a bimolecular reac- 
tion, its extent depends on the concentration of the substances involved. 
At a sufficient dilution the dimerized form will practically completely dis- 
sociate into radicals. So, working in sufficiently dilute solutions, we can, 
as a rule, approach a condition where dimerization can be neglected (16, 
19). Thus in what follows, if we sometimes speak of processes as if no 
dimerization occurred, we mean only that quantitatively it is negligible 
in comparison with dismutation. 

A radical, of course, may be able to undergo various other chemical 
reactions, e.g., biphenylnitride can combine with nitric oxide. Such reac- 
tions need not be considered here at all. We always suppose that the 
system is exposed to no other chemical reagents than such as are just 
capable of changing its level of oxidation-reduction. 

In what follows, those cases will be dealt with principally where dismuta- 
tion is the only change to which the radical is subjected. This is the more 
fundamental situation. On the basis of the theory for this uncomplicated 
case, the adjustment of the theory to the case of dimerization can easily be 
presented in a short subsequent section. The first problem will be to 
express the equilibrium which exists among the three levels of oxidation*- 
reduction whenever the substance is present in a not entirely oxidized or 
reduced state. For this purpose we imagine the mixture of which we are 
to study the equilibrium to be made up by partially oxidizing the reduced 
form. The gradual change of the level of oxidation-reduction of the 
system is imagined to be accomplished by titrating the reduced form with 
an oxidizing agent. 

rv. THE EQUILIBRIUM OF THE THREE LEVELS OF OXIDATION-REDUCTION 

First we shall consider only what we have defined as the elementary 
process of bivalent oxidation-reduction. Suppose that there is given a 
solution of a substance in its reduced form and we titrate it with a strong 
oxidizing agent. Provided the potential range of the oxidizing agent is 
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much more positive than that of the substance to be oxidized, the follow- 
ing relations hold: Let the total molar amount of the substance, which is 
originally present in its reduced form, be a. Let the amount of the oxidiz- 
ing agent added at a given stage of the titration be x, expressed in equiva- 
lents so that at the endpoint of titration x = 2a. At any point of the 
titration there will be a mixture of the reduced form R, of the semi-oxidized 
form, S, and of the totally oxidized form T. The molar amounts of these 
substances are designated by r, s, t. Then, at any point of the titration, 

r + s + t = a (9) 

s + 2< = X (10) 

For the purpose of solving the equations for r, s, and t we need a third 
equation. This is given by considering the equilibrium 

2S ^ T + R 

expressing the process of dismutation. The equilibrium of this reaction is 


r4 ^ _ 1 

V ~ ~ k 


( 11 ) 


K will be designated as the dismutation constant. Its reciprocal value, fc, 
will be referred to as the semiquinone-formation constant. We shall use 
either one or the other term according to convenience. 

From equations 9, 10, and 11 we could express r, s, and t in terms of 
o, X, and k. Since all molecules arising or disappearing during the titration 
are supposed to have the same molecular size and a dimerization reaction 
involving the formation of a bimolecular form is supposed not to occur, 
the absolute values of concentrations are irrelevant and only their ratios 
are significant. So it will be found more convenient to choose instead of 
the variables r, s, t and x, the set r/a, s/a, i/a and f where { = x/a. Then 
from equation 9, 


-+-+-= 1 
a a a 


( 12 ) 


The solutions of these equations will be more symmetrical if a further 
substitution is made defined by the relation : 

M f - 1 (13) 

This substitution places the zero point of the functions at the midpoint of 
the titration where f is equal to 1, which is a point of symmetry, instead 
of at the beginning of the titration where ( is equal to zero. During the 
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titration m varies from —1 to + 1 . A further substitution which will help 
to simplify the final results is: 

7 = 4ic — 1 = — - (14) 

The solution of equations 9, 10 , and 11 with the substitutions given in 
equations 13 and 14 then leads to the result: 


1 — /i Vi + 7(1 — M®) — 1 

2 2y 

(15) 

a _ Vl+7(1 - m‘) - 1 

(16) 

a 7 

1 +M Vl + t(1 - M*) - 1 

2 2y 

(17) 


The functions r/a and ija are antisymmetric in m with respect to each 
other, since on changing m for —M either one becomes the other. The 
function s/a, on the other hand, is itself symmetric in ju, since changing 
AA for — /Li does not change its value. The sum of the three functions is 
unity, as required by equation 12 . The form in which these functions 
were written in the previous review (reference 9, p. 252) did not bring 
out the symmetry that exists among them and that is reflected in the 
symmetry of the experimental potentiometric titration curves. The older 
form of these functions has also the disadvantage that the choice of the 
sign before the square root depends on the value of fc, whereas the present 
form is unambiguous. Purely mathematically, of course, there is a second 
series of solutions such that in equations 15, 16, and 17 a negative sign 
must be used before the square root. But such solutions have no physical 
significance. To show this the functions may be plotted for various as- 
sumed values of the parameter 7 . When 7 is any positive number the 
functions are ellipses, and when 7 is a negative number they are hyper- 
bolae. Physically, of course, negative values of 7 are restricted to the 
range between — 1 and 0. Physically also we are only interested in the 
segments of these functions in the range of n between —1 and + 1 . In 
each case it will be found by actual plotting of the curves that of the two 
segments of each curve which fall within this physically significant range 
of /i, only that segment corresponding to the choice of the positive sign 
before the root of equations 15, 16, or 17 gives acceptable values of r/a, 
s/a, or t/a. The only physically acceptable values of these functions 
are positive values in thfe range of 0 to 1 . Instead of plotting the functions 
direct consideration of the equations leads to the same conclusion. If it 
can be shown for one particular value of m that the positive segment must 
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be chosen, this holds for all values of m, since the function is continuous 
and cannot jump during the titration from one segment to the other. 
Let us take, for instance, m = 0, and consider equation 16 . This then 
appears in the form 

8 __ do\/l + 7 1 

a y 

Since fc is always a positive number, y is always > — 1. If 7 is a positive 
number, the choice of the negative value of the square root would give a 
negative value for s/a; if 7 is negative, s/a would become > 1 on choosing 
the negative square root. Neither of these values has any physical sig- 
nificance. 

In the special case that k = J, or 7 = 0 , these functions are useless, 
because they contain a term of the form 0/0 and so are indeterminate. 
If, however, in equations 9 , 10, and 11 we substitute for k the value J 
directly, the solution appears in the form: 

- = id ~ m)^ ( 18 a) 

a 

^ = K1 - m“) ( 18 b) 

a 

- = id + nf ( 18 c) 

a 

These latter functions are parabolic and have only one branch. As re- 
gards the manner of symmetry with respect to the same holds as for 
equations 15 , 16 , and 17 . 

First formulation of the potential 

Our main problem is to express the potential as a function of x, or 
or /z. According to the principles of thermodynamics, the potential can 
be expressed in three different ways; 



(19a) 


(19b) 


d9c) 



THEORT OF REVERSIBLE TWO-STEP OXIDATION 


449 


Emt El, and E% are constants characteristic of the particular chemical com- 
pound. Em is the potential when t == r. It may be called the mean nor- 
mal potential and is always the potential at the midpoint of titration, 
when /* = 0. It is analogous to the normal potential of a bivalent oxida- 
tion-reduction system without step formation. Ei is the potential at 
that point of the titration where r ^ s. It may be designated as the 
normal potential of the lower step. E^ is the potential when < = s. It is 
the normal potential of the higher step. 

To express as a function of n we could substitute the values of r, s, 
and t as obtained from equations 15, 16, and 17. The function resulting 
would be found awkward to manipulate in subsequent developments. 
We shall obtain more amenable forms in the following section. However, 
the equations 19 are useful for the following argument. Subtracting 19a 
and 19b, we obtain 



In 1 



2F ri 


or 

il 

1 

(20a) 

and similarly 

. 7 - I.-, , RT. , 

Et = E^ + Ink 

(20b) 

furthermore 

+ 

II 

(21) 


So it can be seen that the mean normal potential, Emy lios halfway between 
El and £3. If two of the three potentials Ei, Em, and E 2 are known, the 
third is also imambiguously defined. 

AUernative formulation of the potential 

Regarding equation 11, we can write it in a more symmetrical form by 
making the substitutions: 


r 



and 

t 

- as T 

a 
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we then obtain 


pr K (22) 

In order to introduce the variables p and t instead of r and i in equation 
9 and 10, we divide both by s and obtain 

p + 1 + r = - 

8 


1 + 2t = ? 

8 


To eliminate the remaining s, we divide the second of these two equations 
by the first : 


1 + 2r 
1 + P + T 


== = M + 


1 


(23) 


Equations 22 and 23 are two equations for the two unknowns p and r. 
By putting the value of p from equation 22, 


P = 


K 

T 


into equation 23 we obtain, writing only the solution with a positive sign 
before the square root, 

r = 2(i4r;r) + 4«(1 - !!»)] (24a) 


P = 2(TT7) - pO] (24b) 

The other solutions, having a minus sign before the root, can be ruled out, 
for the absolute magnitude of the square root is always > p. Therefore 
both r and p would be always negative on choosing the negative sign and 
so without physical significance. Now from equation 19a, 


So we obtain 


„ j. _RT,t _RT,t 


E- E^== 


I + M VI + Vd - p^) + p 

2F 1 — p 2 F \/l + 7(1 — p 2 ) — p 


(26) 


where, as before, 7 stands for (4/c — 1). This function shows the sym- 
metry of the potential around the midpoint of titration quite clearly. 
By exchanging +m for — p we obtain a value for E — E^oi the same abso- 
lute magnitude but with reversed sign. So the function is antisymmetric 




Fig. 1. Two-step titration curves involving formation of semiquinone radical. 
Abscissa: fi. /i 0 means 60 per cent of the total oxidation; m ■* 1 means 100 per 
cent of the total oxidation. Ordinates: E — Em, the potential, referred to the mean 
normal potential Em, in volts. Each curve holds for the value of k (semiquinone- 
formation constant) as indicated. White circle: that point of the titration curve 
where E » E\ (the normal potential of the lower step). Black circle: that point 
where E ^ Ez (the normal potential of the higher step). The black and white circle 
in the center belongs to the curve for A; ■* 1; here Em, Ei, and E^ coincide at m 0. 
White circles are on the left side for curves with k > 1; they are on the right side 
when A; < 1. Both the white and the black circle in the curve for fc « 0 belong actu- 
ally to a curve for k intermediate between 0 and 0.1. When k is precisely 0, the circles 
would lie at M “ ±1 and at potential dh». The lateral points of inflection begin 
to appear only when k > 16. 
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with respect to /x. Another convenience of this equation is that the first 
logarithmic term is the one holding if no intermediate form arises. In 
this case, y is very large and the second logarithmic term vanishes. The 
second logarithmic term is the correction due to step formation and the 
dismutation constant appears only in this term. This equation (equation 
25) is also the most suitable for the differentiation which we will have to 
execute presently. 

The shape of this function varies with the value of y or from the relation 
14 with the values of k or fc. Figure 1 shows the variation m shape for 
different values of k. If k is very small then the potential approaches 
the value 

= f ln;-±-^ (26) 

as it should be for a system with no intermediate step of oxidation. 

When K = i, or 7 = 0 and fc = 4, then 

E-E^ = ^^ln )-±^ (27) 

r 1 — /u 

a curve in which all ordinates are double the size of those in equation 26. 
This is the same curve as for a univalent oxidation system. These curves 
(equations 26 and 27) have a point of inflection at /x = 0. When k becomes 
much smaller, two more points of inflection appear. So a jump in the 
middle part of the curve appears which indicates a more distinct separation 
of the curve into two parts or two successive steps. For vanishingly small 
K, or large k, these two points of inflection lie at /x = dzj. It is an impor- 
tant problem to study the existence and the location of these lateral points 
of inflection generally. This problem will be discussed by differentiation. 


The first derivative of E 

On differentiating E with respect to /x we obtain 


d/x F I - vr + 7(1^^), 


(28) 


When K is not too small (say > 10“^), the middle part of the potential curve 
where /x lies in the range from +0.3 to —0.3, is for all practical purposes a 
straight line. So it is very easy to determine graphically from an experi- 
mentally obtained curve the slope at /x = 0. The slope, 6, at this point, is 


, RT/,, 1 \ 

^’ ( vT+y 


( 29 ) 
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In the special case that k becomes very small (or y very large) this ap» 
proaches the form: 

RT 

5 = _ = 0.02606 volt per unit of m ( 2 ds) 

This is the slope of a titration curve in its midpoint (where fx *= 0), if no 
intermediate compound is formed. 

On solving equation 29 for 7 , we obtain 



or 

‘(rr‘ - 0’ 

This equation serves to calculate k from the slope of a titration curve. 
Elema (4) has expressed this as follows: Draw the tangent at the midpoint 
of titration and extend it to intersection with the ordinate of the endpoint 
of titration. Read the magnitude of the ordinate at this point of inter- 
section in volts. Subtract the voltage of the midpoint of titration. This 
difference equals 5 (expressed in volts) and has the following relation to fc, 
at 30°C.: 


k = (76.635 - 2)* 


(31) 


The second derivative of E; 'points of inflection 
From equation 28 we derive: 


^ = 2^ 
F 


by first making the substitution: 


L=J) 


+ 


7 1 


(32) 


1 - M* 


By equating this to zero we obtain the abscissae of the points of inflection. 
One such value directly evident from equation 32 is 


M = 0 

This gives the point of inflection at the midpoint of titration which is 
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always present independent of the magnitude of k. Furthermore, by 
equating the term in brackets to zero, we obtain 

9* + I 5* - i = 0 

where 


This equation of third degree in q has three real roots, of which two are 
alike and equal to — 1 , and the third is Only the latter root gives a 
result of physical significance. Retracing the definition of q back to the 
original variables (14, 33) we find that when q is 



or, in terms of A;, 



(34a) 

(34b) 


Only when h ^ 16 is m real, and then it must lie in the range of n from 
— J to +i* 

When k < 16, no acceptable solutions can be obtained. For, when 
fc < 16 but >4, M is imaginary; and when fc < 4, m will always lie outside 
the range from —1 to +1. In neither of these cases have the solutions 
any physical significance. Furthermore, when the root g = — 1 is chosen, 
the corresponding values of ju are found to be ± 1 . But at these values of 
M the potential is db <» , and at values of m greater than 1 or less than — 1, 
the potential assumes complex values. So the vanishing of the second 
derivative cannot have the significance of a point of inflection. 

The physically significant results can be summarized as follows: There 
is always one point of inflection at ^ = 0. Only when fc > 16 are there 
two more lateral points of inflection, symmetrically situated at either 
side of the midpoint. As k increases from the value 16 the abscissae of 
these two lateral points of inflection move symmetrically from zero in a 
positive and negative sense and at large values of k approach the ab- 
scissae rfcj. 

The fact that the threshold value of k is 16 was not recognized until 
recently (17). Both Elema and writers erroneously believed it to be 4, 
not having executed the necessary calculations and being misguided by 
the fact that the value 4 had been found to have another singular sig- 
nificance as discussed above (see equations 18), 
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Elementary and composite constants 

All these considerations hold for the elementary process of oxidation- 
reduction as described by equations 8. To extend the theory to real 
conditions in which ionization phenomena appear we have to adapt the 
fundamental equations adequately. Equations 9 and 10 need not be 
changed at all if r means the amount of the R form in all its states of ioniza- 
tion, and similarly for s and t Only equation 11 has to be modified. 
This equation holds for varying acidity only if we understand by r, s, and t 
the elementary forms B~, and B. At any given pH the elementary 
B is a constant fraction of the total amount of B including such molecules 
also as BH+, BH 2 "^, etc., and the same holds for B- and for B^ Suppose 
then that as in equations 9 and 10 we allow r, s, and t to mean the total 
amounts of these several forms in all their states of ionization. The effect 
would be that k would be a constant only for a given pH and would vary 
with pH. Such a fc is not a constant depending only on the chemical 
nature of the substance but is a parameter depending also on the hydrogen- 
ion concentration. The constant k or k, such as is defined in equation 11, 
may be designated as the elementary constant, whereas this new parameter 
may be termed the effective constant. Experimentally only effective 
constants have been considered, so from now on we shall use the letters 
k and k for effective constants. Then all our above considerations and 
formulas hold true. For a given oxidation-reduction system k may vary 
to an enormous extent with the pH depending on the ionization constants 
of each of the substances R, S, and T. The largest constant that has been 
observed is about 50 (9) (for oxyphenazine in very acid solution). The 
smallest that could be measured with satisfactory accuracy is about 0.06 
(in lactoflavin at pH 4.6) (19). Many cases are now known for which 
in a certain pH range fc > 1 and in another pH range fc < 1. In general 
the curve for Em as plotted against pH will not be parallel to those for Ei or 
Jffs. If fc is unity, Em, Ei, and E2 coincide, and at this pH there is a crossing 
point of the three normal potential curves. But Em for any one pH will 
always lie halfway between Ex and Ez^ When fc becomes very small, say 
<1/20, the potentiometric method is no longer suitable for its precise 
determination. Practical methods for estimating fc will be discussed later. 
Whenever fc < 1/20, an error of, say, 1/10 of a millivolt in the index poten- 
tial, or an exceedingly small error in the determination of the midpoint- 
tangent would involve a great error in the evaluation of fc. In such a case 
it can only be recognized that fc is very small. In fact, by this method 
all values of fc < 0.05 are undistinguishable from fc = 0. This situation 
prevails in many dyestuffs in ordinary pH ranges, and this is one of the 
reasons why the existence of a small amount of the intermediate radical 
has been overlooked until recently. Yet it might be foolish to disregard 
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a constant <0.05 just because the present potentiometric methods are 
unsuitable for its precise determination. It is much more likely that the 
difference in the magnitude of k in various systems is only a quantitative 
one and that the really simultaneous addition of two electrons in one step 
is not the common process in organic reduction, but an extreme limiting 
case which perhaps is never strictly realized. This is just about the 
opposite to what organic chemists have believed so far. We have to 
consider that, e.g., even for k = 10~*, as much as ^ per cent of the substance 
would be in the radical form at the half-reduced state. This follows from 
equation 49. 


The location of Ei and on the titration curve 

On considering a titration curve it will be important to know at which 
point the potential equals Emj at which point it equals £'i, and at which 
point it equals E^, Em is always the potential at 50 per cent oxidation, 
as is apparent from equation 25 on setting n equal to zero, that is, Em == 
Eft^o- Only when k is extremely large (>1000, say) is it easy to see that 
El = and E^ = E„^^, Generally, the location of Ex and E^ can be 

arrived at in the following way. 

In order to locate Ei we have to find that value of m where E == Ei, 
that is to say, where r/a equals s/a. Equating the expression for r/a of 
equation 15 to that of s/a in equation 16, we obtain: 


k - 1 
2fc + 1 


(35a) 


In the same way, by equating equations 16 and 17, we obtain: 


M*. = 


k - 1 
2fc + 1 


(35b) 


This shows that for very large k we approach the limit: 

== -i 

Mjti = +i 

For fc = 1 we have 


= M*, = 0 

In the latter case all three normal potentials coincide in the midpoint of 
titration. 

For any k > 1, m#i (that value of n where E = E/) is negative, and mjii is 
positive. This may be designated as the natural order of the normal 
potentials. For any ^ < 1, mjii is positive, and negative. This may 
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be said to be the in versed order of the normal potentials. For Jfc approach- 
ing 0, this inversion is so complete that the normal potential of the higher 
step lies, in the limit, at the zero point of titration, i.e., at the point where 
only the reduced form exists, and the normal potential of the lower step 
at the endpoint of titration. In this limiting case the radical is incapable 
of existence and we have the completely overlapping bivalent oxidation 
which was formerly taken as the only possible case of bivalent oxidation 
in organic compounds. 


V. THE PROBLEM OF DIMERIZATION 

The entire analysis has so far been restricted to the case where the only 
molecular species intermediate between the oxidized form T and the re- 
duced form R is the semiquinone radical S. This is the case which has 
been most thoroughly explored experimentally. 

It has been pointed out earlier in this review that a semiquinone radical 
may dimerize to form a compound of double its molecular weight. Such 
a reaction may be represented by the equation : 

(36) 

The same dimerization product could also be formed by combination of 
one molecule of the oxidized with one molecule of the reduced form of the 
given substance: 

R + T D (37) 

The dimeric molecule D is at the same oxidation level as the semiquinone 
molecule S. It will be shown in the subsequent analysis that the effect of 
the existence of such a dimeric molecule in equilibrium with the other 
molecules, R, S, and T, is to increase the slope of the titration curve at 
the midpoint. This is similar to the effect produced by semicfuinone forma- 
tion, as is evident from figure 1. Therefore methods must be found to 
decide in the case of a given titration curve with a midpoint slope greater 
than RT/F (equation 29a), whether this larger slope is due to semiquinone 
formation, dimerization, or a combination of both. General equations 
may be set up, analogous to equations 9, 10, and 11, to cover cases of both 
semiquinone formation and dimerization. 

At any point of the titration curve we have 

7* -f* 5 ”f" 2d “f“ ^ ~ CE (38) 

8 + 2d + 2t^ X (39) 

where x is the equivalent amount of the oxidizing agent. As before: 



In addition there are two equations for the equilibria 36 and 37. 


( 11 ) 
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(''constant of dimerization’ 0 (40) 

(constant of "dimeric formation”) (41) 

where v is the volume of solution containing the total amount of substance, 
a. The last three equations are of course not independent, the three 
equilibrium constants being related by the equation: 

k^G - Q (42) 

The general solution of this set of equations in terms of r, s, d, and t is, 
however, so complicated as to be quite impractical. But there is another 
special case which has been realized in practice and which can be subjected 
to analysis. This is the case where the semiquinone radical is completely 
or almost completely dimerized. One example (15) is phenanthrene- 
quinonesulfonate in acid solution. In this case during a titration there 
are only three molecular species which need to be considered in equilibrium, 
that is R, D, and T. Neglecting 8 we have from equations 38, 39, and 41 : 

r + 2d + t a (43) 

2d + 2/ = a; (44) 

vd = Qrt (41) 

This set of equations is analogous to the set 9, 10, and 11, which formed 
the basis of the analysis of the case in which semiquinone formation occurs 
but dimerization is negligible. There is an important difference in the 
two sets of equations. It is this difference which must be responsible for 
the difference in the two titration curves derived from the two sets of 
equations. Equation 11 is homogeneous in the three variables r, s, and t, 
but equation 41 is not homogeneous in r, d, and t. It is thus not possible 
to set up the equation for the potential in terms of variables analogous to 
p and T as was done in equations 22 to 25. However, solving equations 
43, 44, and 41 for r and t and substituting these values in equation 19a, 
it is found that: 



in which 


E^E^ + ^ln 


Xm - 1 + VL(V + 2) + 1 
-Lim-1 + + 2) + 1 




(45) 


L 


V 
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In figure 2 are plotted a series of curves analogous to those of figure 1. 
For large values of L step formation occurs as in the case of semiquinone 
formation with large fc. The important difference between the two cases 

+0.150 


+ 0.100 


+0.50 




-0.50 


- 0.100 


-0.150 

-ID -0.5 0 +0.5 +1.0 

Fig. 2. Two-step titration curves involving formation of the dimeric intermediate 
compound alone. Abscissa and ordinates as in figure 1. Each curve holds for the 
value of L as indicated. L • Q X o/tf, the product of the dimeric formation constant 
and the molar concentration of the substance. Theoretically the two lateral points 
of inflection appear when Z/ > 4. The figure shows that even for Z/ 10 these points 
of inflection are scarcely noticeable. 
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is that while the semiquinone curves are independent of concentration 
the dimer curves vary with the concentration of the substance titrated. 
This is evident since the particular curve obtained depends on 

V 

which varies directly with the concentration. 

There is another difference between the semiquinone curves of figure 1 
and the dimer curves of figure 2. It was shown that the abscissae of the 
lateral points of inflection of the semiquinone curves for large values 
approached the values m = zbO.5. In the case of the dimer curves (45) 
it can be shown by similar methods that when L is very large the abscissae 
of the lateral points of inflection approach fi = ±\/2(3 + 2\/2) = ±0.586. 
Thus while the semiquinone curves for high values of k can be broken into 
two parts, each of which is symmetrical around its own midpoint, the 
dimer curves for high values of L separate into two parts each of which is 
an unsymmetrical curve. The two lateral points of inflection appear only 
when L > 4. 

However, it must be emphasized that although these differences between 
the two families of curves can be deduced from an examination of the 
potential equations, if one had only a single titration curve at hand it 
would be difficult or practically impossible to decide whether it belonged 
to the semiquinone family or the dimer family. The more general case 
in which both semiquinone and dimer formation occur would of course lie 
in between the two special cases discussed. 

VI. THE ANALYSIS OF EXPERIMENTAL CURVES, AND THE DETERMINATION OF 

CONSTANTS 

A single titration curve can be interpreted only if the midpoint slope is 
accurately RT/F (equation 29a). In this case it can be said that neither 
semiquinone nor dimer formation occurs to an extent greater than about 
1 or'2 per cent. 

In practice there is an easier criterion than the midpoint slope, namely, 
the index potential, Ei, which is defined as the potential difference between 
50 per cent oxidation and 25 per cent (or 75 per cent) oxidation, or the 
difference of the potential at iL4 = 0 and /x = ±J; 

TP TP TP TP TP 

£j^ = ^60% — -C'25% = "76% — "60% 


or 


Ei = E^o — Eit^\ = Eft^i — 
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In the limiting case, with no intermediate compound formed, E, = 0.0143 
volt at 30°C., for the ratio of r to t equals 3 at this point, and so 

-am o 

0.0143 volt at 30^0. 

If an index potential greater than 14.3 millivolts is found, it must first be 
determined whether this is due to semiquinone formation, dimer formation, 
or both. From the analysis of the preceding section it is clear that the 
simplest test is to run a series of titrations at different total concentrations, 
a/v, of the substance titrated. If these curves are all identical when E is 
plotted against then the only intermediate form is a semiquinone radical 

Another teat based on the same principle has been called the ^‘dilution test" 
(11, 14). We designate the molar amount (not the concentration) of the totally 
oxidized form as /, that of the reduced form as r, and that of the intermediate, if it is 
a bimolecular meriqumone, as d. The equivalent of the equations 9, 10, and 11 is 
equations 43, 44, and 41. Solving for d we obtain: 

d + ~ ± ^ ~ ^“0 

So d depends on the volume v. If the color of D differs sufficiently from that of 
R and S, one can observe whether or not the maximum amount of D, as it exists at 
60 per cent oxidation when a; « a, will decrease with increasing volume of the solvent. 
If this is not the case, the intermediate compound is not a bimolecular meriquinone 
but a semiquinone radical. The variation of d with v may, however, sometimes be 
small and lie within the limits of error. This depends on the magnitude of v/Q. 
If this is < <a, the above equation approaches the form 

X 

d «= - or d « i(2a — x) 
or, at 60 per cent oxidation when x « a, we obtain 



and d is independent of the volume. If, however, vjQ > >a, the following equation 
is approximately fulfilled : 

x(2o — x) 
d “ . 

iv 

and d will be inversely proportional to the volume. This is the condition best suited 
for the test. The amount of the unimolecular radical, «, would not depend on the 
volume at all, as shown by equation 16, It must be remembered that Q is what was 
previously called an effective constant and so in general varies with pH. So we 
have to choose a pH such that v/Q is very large in comparison with a. This is accom- 
plished by choosing such a pH that the total amount of the intermediate compound 
at 60 per cent oxidation is so small as just to be noticeable. Since the color of the 
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intermediate form is in most cases much more intense than that of the R or T form, 
it is easy to detect even a very small amount of the intermediate form in a mixture 
with a large excess of the others. So, when at a properly chosen pH the dilution test 
shows that the total amount (not concentration!) of the intermediate substance is 
independent of the volume of the solvent, it is sufficient evidence that we have to 
deal with an S-form, not with a D-form. 

This dilution test is very sensitive. Even if a precise colorimetry may be diffi- 
cult, it is always easy to decide whether on increasing the volume tenfold the total 
amounts of the intermediate form are approximately unchanged, or tenfold de- 
creased. 


Thus it is possible either by running a series of titrations at different 
concentrations or by the application of the dilution test to decide whether 
the intermediate form consists only of a semiquinone radical. If this is 
the case then from the characteristics of the curve the semiquinone forma- 
tion constant can be calculated. There are several ways to evaluate k 
from the experimental titration curve. 

One method is based on equation 30 or equation 31. From the slope 
of the midpoint of titration k can be evaluated. This method is of value 
only when k is not too large and the slope not too steep. In the latter case 
the limits of error are rather great. So it should be used when the curves 
have no lateral inflection points at all, or at least when the jump in the 
middle part of the curve is not too great. 

Another method is based on the determination of the index potential Ex. 
To express Ex as a function of k or x, use is made of equation 25. By 
successively substituting the values | and 0 for ^ and finding the difference 
between the two resulting values of E we have: 


Ex^ 


2F 




In 3 + In 


Vi + 12 k + r 

vr +1^ - 1. 


Let a = ExFjRT and solve in terms of k instead of x. Then: 


fc = (e® — 3e~®)2 


or, at 30^C. and transferring to the base 10, 



(46) 


Values of this function are tabulated in table 1 of the review (9). When Ei 
is large, say >0.2 volt, equation 46 reduces to 
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The index potential method of determining fc does not take full advan- 
tage of the titration curve, since only two points are used. To obtain a 
more accurate estimate of fc a whole series of points of the experimental 
curve can be used to calculate the constant. In any bivalent titration 
curve, regardless of the form of the intermediate, we have the relation: 

= U In ^ = 0.03 log ~ (at 30°C.) 

where is the difference in potential at the midpoint of titration and at 
that point whose abscissa is x (which varies during the titration from 0 to 
2a). Further, by setting t/r N this equation can be rewritten in the 
form 


/. = at = loo®^ (47) 

r 

Using this equation, together with the two equations, 

r + s + t a 
s + 2t — X 

we can solve for r, s, and t, giving 

a — X 

“■ T^n 

S = (48) 

1 — N 

4 _ Nia — x) 

From these values of r, s, and t in terms of the experimental variables of a 
titration curve it is possible to calculate fc from equation 11 for a whole 
series of points of the curve. 

It is an impwDrtant problem to calculate the maximum amount of s which 
can arise during the titration. It is easy to see that the maximum amount 
of the S-form always exists at 50 per cent of the oxidation, when /x = 0. 
This statement scarcely needs a proof, but it can be proved by differentia- 
tion of equation 16 with respect to n. It is often of great importance to 
calculate this maximum amount, which of course depends on the value of fc. 
Now, when m *= 0, 


r = i 3= §(a — s) 
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Then equation 11 appears in the form 

(a - sf 
4s* 


K 


which gives 

/A _ 1 _ \/k 

\fl/ max. l + 2V^ 2 + Vk 


( 49 ) 


If the tests outlined above indicate the existence of a dimeric compound, 
there are still two cases to distinguish. In the first case, case A, the dimeric 
form exists in measurable amounts but the amount of semiquinone is 
negligible and in the second case, case B, both semiquinone and dimer exist 
in measurable amounts. 

Case A, In this case dimerization occurs but no appreciable semi- 
quinone formation. The titration curves belong to the family of figure 2. 
Since s is very small, k cannot be calculated but can only be said to be 
less than 0.05, say. To show that a given curve belongs to this family 
it is necessary to run a series of curves at progressively higher dilutions. 
This is equivalent to decreasing L in the curves of figure 2. The limiting 
curve at sufficiently high dilution will be the usual curve for a two-electron 
change with no intermediate step and will have an index potential of 14.3 
millivolts. Within a range of concentration which is low enough the form 
of this curve will not depend on concentration. 

The dimer formation constant Q (equation 41) can be calculated from 
those experimental curves run at concentrations high enough so dimeriza- 
tion occTirs. From the set of equations: 

r + 2d + i = d 


are found the values: 


2d -f“ 2^ == a? 

i iV = IQO O* 
r 


^ __x{l+N)- 2Na 
2(1 - N) 

, _Nia- x) 

1-N 


( 50 ) 


From these Q can be calculated. 
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Case B, The last case to consider is the most general of all. It will 
be presented here not so much in accordance with one paper (15), but in 
the form shown in another paper (19), which is both easier and more 
general. During a titration both semiquinone and dimer are formed in 
appreciable amounts. In this case the shape of the curve is a composite 
of those of figures 1 and 2. The shape of the curve varies with concentra- 
tion, but as curves are run at higher and higher dilution a limiting curve 
will be approached at which the dimerization becomes negligible and only 
the effect of semiquinone formation remains. At a dilution that is high 
enough the shape of the curve may be independent of concentration over a 
considerable range. In this range the curve has been designated as the 
^^limiting curve for infinite dilution^^ and is one of the family of figure 1. 
This situation has already been experimentally realized in two cases (14, 19) 
and on further investigation may turn out to be quite common. In this 
case the constant k can be calculated from the limiting curve by the meth- 
ods described for the simple semiquinone curves. With this constant 
determined it becomes possible to use the curves at higher concentration, 
where semiquinone and dimer are both formed, for the calculation of both 
Q and 0. At these higher concentrations there are in equilibrium during 
a titration four molecular forms, R, S, D, and T. The amounts present 
at any point during a titration can be calculated from the equations; 

r 5 "f" 2cif -j- ~ a 

8 + 2d + 2t = X 
t — 

1 = iV = IQoo® 
r 



From these it is found: 


a — X 
^ ^ 1-N 

(a — x) \/l^ 


j *(1 +N) — 2aN — (o - x) -s/kN 
a = ^ 

, _Nia- x) 

* “ 1-N 

From these values both Q and 0, as defined in equations 40 and 41, can 
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be calculated from experimental curves and should be found constant both 
for different points of a particular curve and for a set of curves at different 
concentrations. 

A glance at the expressions for r and t in the solutions (equations 48, 
50, and 51) shows that in each case they have the same form. Since the 
potential can always be expressed by equation 19a it might appear that in 
all cases considered the potential curve would have the same shape. This 
is only so in appearance, however, since the expressions for r and t contain 
iV, which from equation 47 is derived from the potential curve and carries 
in itself the difference in shapes of the curves of the three types discussed. 

It may be emphasized in conclusion that we have always dealt in this 
review with systems in homogeneous solution. The decision whether a 
solid, crystalline quinhydrone is a radical, a dimer, or a compound of R 
and T in a ratio different from 1:1 requires entirely different methods. 
The very concept of molecular size, involving the decision between the 
assumption of a radical or a polymer, cannot simply be taken over from 
the theory of the dissolved state. The molecular size within a crystal is 
ambiguous. Which elementary unit, repeated periodically in a crystal, 
should be preferably considered as the molecular unit, can be decided in 
such a case only by measurement of the paramagnetic susceptibility. 
Although not the subject of this review, it may be emphasized that the 
method has been used successfully. In the crystalline state, in a number 
of cases, the paramagnetic susceptibility was that of a molecule with one 
magnetically unbalanced electron, in other cases it was smaller. In such 
a case, we might speak of a partial dimerization. It would, however, be 
more adequate, for the crj^stalline state, to speak about a state inter- 
mediate between unimolecular and bimolecular units, a resonance between 
two adjacent molecules, between a free and a combined condition. 

VII. TWO-STEP ACIDIC DISSOCIATION 

All these formulas, except those concerned with dimerization, can be 
easily extended to the field of ionization of bivalent acids. The theory 
of the titration curve for bivalent acids, especially with respect to the 
points of inflection, has been developed exhaustively by Auerbach and 
Smolczyk (1) in a very different way. It is, however, important to show 
that the method used in the present paper can also be extended to this 
problem in order to show the analogy between the problems of oxidation 
and of dissociation. It is gratifying to see that the results of that other 
method agree with what follows. 

Consider a solution of a weak acid AH 2 at such a pH that it exists 
entirely in the form of the secondary ion A — , and suppose that it is titrated 
with a strong acid. Then the anion will successively attach two protons. 
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A“ + H+;^AH~ 

(62) 

AH- +B.+ ^ASl2 

Equations 52 are analogous to equations 8. At any point during the 
titration a pair of equations similar to equations 9 and 10 will hold good. 

A + AH- + AH 2 = a (53) 

AH- + 2 AH 2 = X (64) 

In this case a is the total amount of the weak acid in all its stages of ioniza- 
tion and X is the amount of strong acid added, in equivalents. To con- 
tinue the analogy, the ion AH” may be said to be in equilibrium with the 
other forms by a kind of ^‘acidic dismutation^’: 

2AH- AH 2 + A— 


and this equilibrium may be characterized by a constant analogous to the 
semiquinone formation constant: 


[AH-r _ 
[AH,] [A—] 


(55) 


The more usual treatment of the equilibria in equation 62 is in terms 
of the two dissociation constants Ki and Ki defined by the relations: 


_ [H+][HA-] 
‘ ■ [HA,] 


and 


[H+][A- 

[HA- 


(56) 


From equations 55 and 56 it is evident that 


fc' = 




(57) 


Thus the three basic equations, 9, 10, and 11, of the semiquinone theory 
from which all subsequent formulas and relations were deduced are iden- 
tical in form with a corresponding set, 53, 54 and 55, that could be used to 
develop the theory of the titration of dibasic acids. The equivalence of 
the two theories is established by this identity in form of the three basic 
equations and the relation (57) which shows the “acidic dismutation^^ 
constant k' to be the ratio of the classical ionization constants. In par- 
ticular, it may be pointed out that the potentiometric titration curve of a 
dibasic acid has no jump in its middle section unless the ratio K\fK% is 
greater than 16, a result which was obtained in a different way by Auer- 
bach and Smolczyk (1) in 1924. 

But although the physical pictures as described by equations 8 and 62 
are so similar and the mathematical deductions from these equilibria are 
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identical there nevertheless appear to be fundamental differences between 
two-step oxidation and two-step ionization. The semiquinone formation 
constant of the two-step oxidation theory may assume any positive value 
between zero and infinity. The corresponding constant of the ionization 
theory given in equations 55 or 57 appears, however, practically never to 
be less than about 5. 

To understand this difference we must examine in more detail the effects 
of electron addition to a molecule as represented by equation 8 and of 
proton addition as represented by equation 52. Suppose we have the 
anion of a dibasic acid or, what is even more general, suppose we have a 
molecule which can accept two protons; the acceptance of one proton 
may be represented by equations such as: 

A-- + AH- 

B" + H+ BH (58) 

C + CH+ 

The acceptance of this proton may bring about a more or less profound 

rearrangement of the electrons of the molecule accepting the proton. 
Usually it does not. For example, if the doubly charged succinate ion 
accepts one proton it is probable that this does not greatly affect the elec- 
tronic arrangement of the second carboxylate group. Actually, prac- 
tically all studies of titration curves of dibasic acids have been of this type. 
In such cases each acid group functions independently and the only influ- 
ence of one on the other is due to electrostatic forces. If the groups are 
widely separated in the molecule this electrostatic effect becomes small. 
In the further case that both acid groups are identical, as in the cases of 
dicarboxylic acids or diammonium salts, the statistical theory can be 
applied and it appears that Ki/K^ approaches 4 as a lower limit, as shown 
by Wegscheider (23; see also 2). Such a limit is realized in practice in the 
titration of the two phenolic groups of phenolphthalein, which Thiel and 
Diehl (22) find to differ by approximately half a pH unit. In the case of 
molecules with such independently functioning acid groups it is of course 
necessary that Ki be greater than merely because Ki is defined as the 
greater constant. 

It is, however, imaginable that the acceptance of a proton by a molecule 
such as shown in equation 58 may bring about a radical rearrangement 
of the electronic structure, resulting in the formation of a new molecule 
which could actually attach a proton more readily than the first molecule. 
In such a case would be greater than Ki and k' of equation 57 would 
be less than 1. An example illustrating this already occurs in the litera- 
ture, but now that the principle is realized additional ones may be dis- 
covered. The chemistry of this curious case was first described by Mills, 
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Clark, and Aeschlimann (20) and later shown to be generally true of 
thiazolium salts (3). A titration curve showing the lack of formation 
of any intermediate step of ionization was given by Williams and Ruehle 
(24) for 4-methylthiazolethiode. We may interpret this type of ionization 
as follows: 
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III is a zwitter ion with a negative charge at the sulfur atom and a positive 
charge either at the carbon atom or at the oxygen atom, as at III A or 
III B, In either case III is a very strong acid and at the pH prevailing 
at its formation is entirely converted to IV. Obviously is very much 
greater than Ki. 

Turning now to the case of two-step reduction, it appears clear why 
values of fc, the semiquinone-formation constant of equation 11 and the 
analogue of equation 55, may readily take on values less than unity. The 
acceptance by a molecule of a single electron necessarily brings about an 
electronic rearrangement, and because of the tendency of electrons to pair 
the resulting molecule may take up a second electron more readily. In 
such cases k is less than 1, That this is not always the case is clear, how- 
ever, from the large number of cases now known where the semiquinone- 
formation constant is much greater than 1. 

There is another respect in which the reduction reactions of equation 8 
differ in practice from the ionization reactions of equation 52. This may 
be traced to what was defined early in this review as the elementary reduc- 
tion process. Actually, as was subsequently pointed out, elementary 
reduction processes are generally complicated by simultaneous ionization 
processes, so a distinction had to be made between the elementary semi- 
quinone-formation constant and the effective constant which is usually 
measured. 
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This circumstance can very easily cause the practical dismutation 
constant to become much smaller than 1, and even undistinguishable from 
0, without resorting at all to the effect of electronic rearrangement men- 
tioned before. In the field of ionization theory, however, the acceptance 
of protons is the analogue of the elementary reduction process. This is 
usually not complicated by any gain or loss of electrons. The reason for 
this is clear. Both oxidation-reductipn and acid-base titrations are 
usually carried out in aqueous solution or in solvents such as acetic acid 
or alcohol which are similar in that they can act as acceptors or donors of 
protons. Solvents which can act as acceptors or donors of electrons are 
never used. So while oxidation-reduction titrations are complicated by 
acid-base equilibria, acid-base titrations are not complicated by oxidation- 
reduction equilibria. 
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